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THE EFFECT OF ALTERED BODY TEMPERATURE ON EXERCISE IN THE
HEAT: THERMOREGULATORY AND METABOLIC FUNCTION
Abstract
There is a paucity of information concerning the effect of a pre-manipulation of body temperature on
exercise in a hot environment. Hence, the thermal impact of water immersion pre-treatment on physical
endurance and physiological function during exercise in the heat (35°C, R H 5 0 % ) was investigated.
The efficacy of a novel method of whole-body pre-cooling, involving up to 60 min of water immersion
at 29-24°C, for increasing exercise endurance in the heat was investigated. Compared to a neutral
condition, pre-cooling increased the distance run (300 m ) by five male and three female subjects during
a 30-min time trial. Moreover, pre-cooling attenuated the exercise-induced rise in core and skin
temperature, whilst cardiac frequency was reduced and psychophysical status improved.
The influence that pre-treatment immersion has on muscle metabolism and thermoregulation during
exercise in the heat was investigated. Nine male subjects cycled for 35 min in the heat at 6 0 % of peak
oxygen uptake on three occasions, with each trial preceeded by a different pre-treatment involving
whole-body immersion in cool, neutral or hot water. Despite marked differences in pre-exercise core
and muscle temperature, a similar pattern of muscle metabolism was observed during exercise in the
heat in all conditions. Accordingly, muscle high-energy phosphate metabolism, lactate accumulation
and triglyceride utilisation were not different, whilst muscle glycogen utilisation and plasma ammonia
accumulation were increased at higher core and muscle temperatures.

In contrast, the pre-treatments evoked marked differences in thermoregulatory function during exercise
in the heat, with greater conductive heat loss and a reduced sweat rate and cardiac frequency for the precooled, compared with the neutral and pre-heated conditions. Following pre-heating, the circulatory
strain imposed by exercise and acute heat stress would have been augmented by the 32 and 4 0 % greater
loss of blood and plasma volume, compared to the pre-cooled condition. In this circumstance,
cardiovascular instability, as indicated by the marked increase in cardiac frequency w h e n compared with
the other conditions, could be a primary factor limiting exercise endurance in a hot environment.

These data indicate that following thermal pre-treatment, the changes to muscle metabolism are unlikel
to influence endurance during exercise in the heat. Whilst muscle glycogen utilisation and plasma
ammonia accumulation were increased by exercise hyperthermia, their role in fatigue during exercise in
the heat is unclear. A more likely possibility is that, following water-immersion pre-cooling or preheating, altered thermoregulatory and cardiovascular function, through marked reductions in core and
muscle temperatures, might be more important for determining endurance during exercise in the heat,
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CHAPTER ONE: INTRODUCTION AND HYPOTHESES

Metabolic efficiency in humans varies from less than 1 0 % (e.g. swimming) to greater than 3 0 %
(e.g. cycling). Hence, only a small portion of the biochemical energy liberated from fuels to
drive muscle contraction is converted to useful mechanical work, with upwards of 7 0 %
liberated as heat. This heat is then either dissipated to the environment or stored within the
body. W h e n performing moderate to heavy exercise, heat dissipation fails to match heat
production. Consequently, heat storage can increase during exercise, with a concomitant rise in
core (Tc) and muscle temperature (T m ). In a hot environment (above 35°C), the combined
metabolic and environmental heat load evokes a m u c h more pronounced rise in T c and T m , due
to impairment of heat loss. However, T c must be maintained within a narrow range, outside
which thermal homeostasis and physiological function are impaired. Moreover, these events are
most likely to occur during exercise in a hot environment, as high T c and T m are more readily
attained. In this thesis, the metabolic and thermal consequences of exercise in the heat will be
explored, with a focus on the physical impact of modifying T e and T m prior to exercise.

Hyperthermia is known to influence a number of physiological processes that could impair
work performance. For example, the demand for increased skin blood flow is met by a
redistribution of blood from the viscera to the peripheries (Rowell et al., 1966). This can reduce
central blood volume and in this instance, the maintenance of peripheral and muscle blood flow
could markedly increase cardiovascular strain and accelerate fatigue (Rowell et al., 1974).
Sweating is also increased at high T c , further compromising central blood volume and also
muscle blood flow as dehydration progresses (Gonzalez-Alonso et al., 1997). In addition, the
increased energy demands placed on several physiological systems during hyperthermia can be
met by an accelerated glycolytic rate (Febbraio et al., 1994a,b; Parkin et al., 1999). In this
circumstance, muscle lactate accumulation increases, with the concomitantrisein hydrogen ion
concentration directly impairing cross-bridge cycling and hence, causing muscle contractile
failure (Fitts, 1988).

In line with the deleterious effect that hyperthermia has on physiological function, work
performance is also markedly reduced at high T c and T m (MacDougall et al., 1974; Nielsen et
al., 1993; Gonzalez-Alonso et al, 1999). Thus, considerable research has investigated cooling
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strategies to blunt the work-inducedrisein T c and reduce the impact that hyperthermia can have
on work performance (Schvartz et al, 1970; Nunnely et al, 1971; Schvartz et al, 1974; Young
et al, 1987). These studies clearly show that the magnitude of the decrease in thermal strain is
dependent on the size of the body surface cooled. Thus, whilst partial-body cooling of the head
(Schvartz, 1970; Nunneley et al, 1971), torso, arms, or thighs (Shitzer et al, 1973) reduces
thermal strain, continuous whole-body cooling provides the most effective method for
alleviating thermal strain and improving work performance (MacDougall et al, 1974; Schvartz
et al, 1974; Shapiro et al, 1982; Young et al, 1987; Bomalaski et al, 1995). In general,
whole-body cooling has been performed with micro-climate cooling systems utilising garments
worn close to the skin and perfused with cold air or cold water. However, practical constraints,
such as those encountered in industrial, military and sports settings, often do not permit cooling
garments or apparatus to be worn. In these situations, whole-body pre-cooling provides an
acceptable method for reducing thermal strain and increasing work endurance (Olschewski and
Briick, 1988; Lee and Haymes, 1995). These events have been attributed to an increased
capacity to store heat in a pre-cooled condition, thereby attenuating T c during the ensuing work
(Lee and Haymes, 1996; Booth et al, 1997).

Most whole-body pre-cooling manoeuvres have employed strong cold-air (less than 10°C;
Schmidt and Briick, 1981; Olschewski and Briick, 1988), or cold-water exposure (less than
18°C; Veghte and W e b b , 1961; Gonzalez-Alonso et al, 1999). However, extended cold
exposure can evoke cold-stress responses such as strong shivering, extreme peripheral
vasoconstriction, and a pronounced increase in plasma catecholamine concentrations. Such
responses are likely to be detrimental to subsequent work performance. T o minimise the cold
stress responses and to optimise physiological function during the ensuing work, several precooling manoeuvres have utilised intermittent re-warming periods (approximately 10-20-min
rest with exposure to warmer air (24-28°C); Schmidt and Briick, 1981; Hessemer et al, 1984;
Olschewski and Briick, 1988). However, given the greater thermal conductivity of water
compared to air (about 25 times; Buskirk et al, 1963), it was predicted that whole-body precooling would be effective at moderate water temperatures, which was the preferred option.
Moreover, this manoeuvre should not evoke the physiological responses associated with strong
and prolonged cold exposure and hence, the intermittent rewarming periods might not be
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required. Accordingly, a method of whole-body water immersion pre-cooling at moderate
temperatures was investigated (Chapter 2).

Several studies have shown whole-body pre-cooling to be effective for increasing exercise
endurance at moderate air temperatures (18-24°C; Schmidt and Briick, 1981; Olschewski and
Briick, 1988; Lee and Haymes, 1995). In the pre-cooled condition, thermoregulatory and
cardiovascular strain were reduced, as evident by a reduced T c , cardiac frequency and sweating
rate (Schmidt and Briick, 1981; Olschewski and Briick, 1988; Lee and Haymes, 1995), whilst
skin blood flow and stroke volume were decreased (Olschewski and Briick, 1988). However,
the effect of whole-body pre-cooling on exercise performance in the heat remains largely
unexplored. This is somewhat paradoxical given the increased thermal strain and an earlier
onset of fatigue during exercise in a hot environment (MacDougall et al. 1974; Nielsen et al.
1993; Gonzalez-Alonso et al. 1999). A description of the effect of whole-body waterimmersion pre-cooling on running performance in hot, humid conditions is presented in
Chapter 3.

Research to date, has focused on the thermoregulatory and cardiovascular benefits of precooling. This most likely reflects the burgeoning evidence that the mechanisms of fatigue
during hyperthermia have been primarily, thermoregulatory and cardiovascular in origin
(Nielsen et al, 1993; Gonzalez-Alonso et al, 1999). Nevertheless, high T c and T m evoke
several metabolic adjustments which might also limit endurance during exercise and acute heat
stress. For instance, augmenting T m during exercise increased adenosine triphosphate
degradation (Edwards et al, 1972; Kozlowski et al, 1985) and creatine phosphate hydrolysis
(Febbraio et al, 1994b, Parkin et al, 1999) and accelerated the glycogenolytic and glycolytic
rate (Febbraio et al, 1994a,b; Kozlowski et al, 1985; Parkin et al, 1999). Moreover, T m above
40°C could reduce skeletal muscle mitochondrial phosphorylative efficiency (Brooks et al,
1971), further increasing the reliance on glycolysis. Certainly, all of the above pertubations
have been implicated in the fatigue process by impairing the chain of events leading up to
cross-bridge cycling or by directly impairing cross-bridge cycling itself (Fitts and Metzger,
1988).
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However, the metabolic disturbances are less pronounced w h e n the exercise-inducedrisesin T c
and T m are decreased during exercise in a moderate, as opposed to a hot environment (Febbraio
et al, 1994a,b; Parkin et al, 1999). In a like manner, whole-body pre-cooling attenuates the rise
in T c during exercise and acute heat stress (Booth et al, 1997), hence it might also reduce the
metabolic disturbances, which could themselves limit endurance. Conversely, and according to
the same logic, whole-body pre-heating, which will increase T c and T m during exercise and
acute heat stress, should evoke more profound metabolic pertubations by increasing the rate of
glycogenolysis, glycolysis and adenosine triphosphate degradation. Given this logic, Chapter 4
reports the influence of whole-body pre-cooling and pre-heating on both T c and T ra and on
muscle metabolism during exercise in a hot environment.

Whole-body pre-cooling reduces thermal strain during exercise in the heat (Booth et al, 1997
MacDonald et al, 1999) however, the thermal impact of pre-experimental manipulation of
tissue temperature on subsequent exercise in a hot environment remains unclear. In addition,
the effect of whole-body pre-heating on thermoregulation and physiological function during
exercise in the heat has not been investigated. Accordingly, the experiment detailed in Chapter
5 summarises thermoregulatory function during exercise in a hot environment following water
immersion conditioning of deep and superficial tissue temperature.

1.1 AIMS AND HYPOTHESES
The main purpose of this thesis was to examine the effect of whole-body water-immersion precooling on subsequent exercise endurance in a hot environment. In addition, it focuses on the
adjustments to thermoregulation and muscle metabolism following water immersion pretreatment (cool, neutral and hot water), on T c and T m during exercise in the heat.

The main hypotheses were:
1. Concerning performance: T h e distance covered during a 30-min self-paced running time trial
in a hot, humid environment (35°C; R H 5 0 % ) would be increased following whole-body
water-immersion pre-cooling at moderate temperatures (29-24°C).
2. Whole-body pre-cooling would increase body heat storage during exercise in the heat, whilst
the exercise-inducedrisein core and muscle temperature would be attenuated.
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3. Thermoregulatory strain during exercise in the heat would be markedly reduced following
whole-body pre-cooling as indicated by: a lower T c and T m ; a reduced cardiac frequency; a
decreased sweating response; a decreased rating of perceived exertion; and an increase in
thermal comfort, compared to exercise following neutral or hot-water immersion.

4. Glycogen utilisation and muscle lactate accumulation would be decreased in active miuscle
during exercise in the heat following whole-body pre-cooling.

5. Lipid oxidation would be increased during exercise in the heat following whole-body precooling, with an increase in muscle triglyceride utilisation and the plasma free-fatty acid
concentration.

6. Whole-body pre-heating would evoke marked metabolic adjustments in active muscle during
exercise in the heat including: an increased glycogenolytic and glycolytic rate, with muscle
lactate accumulation and the concentration of several glycolytic intermediates increased; a
decreased dependency on lipid oxidation, with a reduction in the plasma free fatty acid
concentration and muscle triglyceride utilisation; and an increase in muscle A T P degradation
and creatine phosphate hydrolysis.

7. Water immersion pre-cooling and pre-heating would evoke adjustments in thermoregulation
and muscle metabolism, which could influence endurance during exercise in a hot
environment.
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CHAPTER

2: A

METHOD

FOR

WHOLE-BODY

PRE-COOLING:

WATER

IMMERSION A T M O D E R A T E TEMPERATURES

2.1 Previous Methods of Whole-Body Pre-cooling
Whilst continuous whole-body cooling through micro-climate garments offers the most
effective cooling strategy'during prolonged low-intensity work, such systems are unsuited to
more strenuous exercise. In this instance, whole-body pre-cooling is a preferred option.
Moreover, whole-body pre-cooling has gained in notoriety since Veghte and W e b b (1961)
demonstrated its effectiveness for increasing thermal tolerance to a hot environment. M o r e
recent investigations have shown that whole-body pre-cooling also reduces thermal strain and
increases endurance during exercise at 80-90% of the peak oxygen uptake (Vo2peak; Lee and
Haymes, 1995; Booth et al, 1997). These investigations have shown that the reduced thermal
strain can largely be attributed to a greater heat storage reserve, thus attenuating therisein core
temperature (Te).

Despite Veghte and Webb's (1961) finding that cold-water (16°C), as opposed to cold-air precooling (less than 7°C), evoked a greater increase in thermal tolerance, ensuing studies have
mostly preferred cold-air pre-cooling. Generally, these manoeuvres have used environmental
chambers for prolonged cold-air exposures at 0-10°C. However, cold exposure elicits a strong
cold defense, with pronounced shivering and vasoconstriction of the cutaneous vascular bed
(Rowell et al, 1969; Major et al, 1981). These responses help maintain T c during a thermal
challenge and are not conducive to the reduction in T c sought from a pre-cooling manoeuvre.
Several investigations have addressed this problem using a double cold exposure, separated by
a re-warming period (Schmidt and Briick, 1981; Hessemer et al, 1984; Olschewski and Briick,
1988). T h e rationale for this procedure is a suppressed shivering response during re-warming,
with short-term decrease in the shivering threshold prior to the second cold exposure, hence
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encouraging the fall in T c (Briick and Hinckel, 1984). For this manoeuvre, double-cold
exposures of up to 90-min duration were employed during which, air temperature (T,) was

reduced from 28-5°C (Schmidt and Briick, 1981; Hessemer et al, 1984; Olschewski and Briick,
1988). For the re-warming period, T, was increased from 5-28°C over a 20-min period. This
pre-cooling manoeuvre reduced Tc and mean skin temperature (Tsie) by about 0.5 and 7-8°C,

respectively (Schmidt and Briick, 1981; Hessemer et al, 1984; Olschewski and Briick, 1988).

Similar reductions in body temperature (Tb) were also noted when a 30-min cold-air exposure
(5°C) was followed by 10 to 16 min of rest at room temperature (28°C; Lee and Haymes,
1995). Moreover, these manoeuvres evoked an approximate two-fold increase in the Tc toTsk

gradient, which would augment heat loss and further contribute to a reduction in thermal st

Compared to cold-air exposure, more rapid and effective whole-body cooling can be

undertaken in cold water. This is attributed to the 25-times greater thermal conductivity o

water compared to air. Furthermore, the specific heat of water per unit volume is about 400

times that of air, providing far less insulation at-the skin-water interface (Buskirk et al

Craig and Dvorak, 1966). Thus, for humans immersed in cold water heat loss is rapid, with a

rate of cooling two to five times quicker than for air of the same temperature. In addition
immersion cooling results in more uniform cooling as skin temperature (T,k) rapidly

equilibrates with water temperature (T„), in contrast to cold-air cooling where Tsk is main
well above Ta. Despite the advantages offered by water-immersion pre-cooling, it has proved

less popular than cold-air pre-cooling. Previous water-immersion pre-cooling manoeuvres hav

utilised passive or active protocols. Reductions in Tc in excess of 1°C are characteristic o
passive whole-body immersion pre-cooling manoeuvres employing 30-90 min exposures at less
than 20°C (Veghte and Webb, 1961; Giesbrecht and Bristow, 1992; Gonzalez-Alonso et al,

1999). Accordingly, Gonzalez-Alonso et al, (1999) report an oesophageal temperature (Te!) of
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35.9"C following 30 m i n immersion at 17°C, accompanied by a vastus lateralis muscle
temperature (Tm) of 34.3°C. With resting human vastus lateralis Tm generally ranging from
36.5°C (Saltin et al, 1968; Russell, 1999), it is unlikely that 30 min of water immersion
would only decrease Tm by 1-2°C. However, there is little data for comparison, this being

only study that has measured Tm following passive whole-body pre-cooling. This is somewhat
paradoxical, given that the level of T„ could be a primary factor determining exercise
endurance. For example, a decrease in muscular endurance was observed when Tm exceeded
39°C (Edwards et al, 1972; Bergh and Ekblom, 1979; Sargeant, 1987), whilst endurance was
prolonged at a Tm of 26-30°C (Clarke et al, 1958; Edwards et al, 1972). Seemingly, a

moderate reduction in Tm following pre-cooling could benefit work endurance during ensuing
exercise.

Active pre-cooling by swimming or cycle exercise at a Tw of 13-20°C also evoked pronounced

decreases in Tc (about 0.2-1.7°C; Holmer and Bergh, 1974; Davies et al, 1975; Pimay et al,

1977; Bergh and Ekblom, 1979). In this instance, the insulation provided by poorly perfuse

muscle at rest is reduced, as muscle blood flow and exercise intensity increase (Viecstei

al, 1982). This event, combined with the greater convective heat loss due to limb movement

leads to a rapid rate of heat loss, which will be depend on the exercise intensity and Tw.
Nevertheless, the metabolic and thermoregulatory strain imposed by exercise in cold-water
might be expected to outweigh the benefits of a reduction in Tc during subsequent work.

Moreover, during active pre-cooling undertaken at higher exercise intensities, the metabo

heat load of the muscles could limit the fall in Tm. In line with this, is the finding th
20-25 min swimming at around 60% of Vo,^, with T„ 13-20°C, vastus lateralis Tm was only
reduced by 0.3-3°C (Holmer and Bergh, 1974; Bergh and Ekblom, 1979).

2.2 T h e Limitations of Whole-Body Pre-cooling Manoeuvres

The logistics of cold-air pre-cooling limit its widespread application. For example cold-

cooling necessitates an environmental chamber and can take in excess of 90 min to complete

In contrast, water-immersion pre-cooling is more easily supported and of shorter duration.

Nevertheless, both cold-air and cold-water pre-cooling manoeuvres could be expected to evo
considerable subject discomfort and marked cold-stress responses, which could have a

deleterious affect on ensuing exercise. The magnitude of these responses will depend on t
in Tc and Tsk, which in turn are dependent on the surrounding medium (Keatinge and Evans,

1961; Keatinge et al, 1964) and the physical characteristics, including body size and fatn

(Craig and Dvorak, 1968; Johnson et al, 1977; McArdle et al, 1984). Whilst the physiologic

responses to cold air and cold water are similar, evoking an equivalent response in air an

water necessitates an Ta 11°C lower (Gagge, 1940). Thus, similar responses might be expecte

to cold-air pre-cooling at less than 10°C (Schmidt and Briick, 1981; Hessemer et al, 1984;
Olschewski and Briick, 1988; Lee and Haymes, 1995) and cold-water pre-cooling at 17-20°C

(Gonzalez-Alonso et al, 1999). Nevertheless, the acute cold-stress responses to whole-body
pre-cooling have in general been disregarded.

Acute cold stress rapidly increases peripheral venoconstriction and vasomotor tone throug

and Tc mediated constriction of the cutaneous vessels (Rowell et al, 1969; Major et al, 198

This results in a re-appointment of blood flow away from the skin, hence elevating central
blood volume (Raven et al, 1970; Raven et al, 1975). Whilst mild cooling evokes small

increases in vasomotor tone and central blood volume (Rowell et al, 1982), marked decrease
in Tc and Tsk during more severe cooling greatly increase both vasomotor tone and central

blood volume (Rowell, 1974). In this instance, substantial increases in central blood volu

can greatly increase stroke volume (Q), and cardiac output (Q) (Raven et al, 1970; Raven e
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al, 1975), while arterial and venous pressures are increased (Keatinge et al., 1964). Whilst

sudden and severe cold stress can elicit an initial tachycardia (Cooper et al., 1976; Haywa

a/., 1984) thereafter, the increase in central blood volume has been linked to a reduced ca
frequency (fc; Keatinge and Evans, 1961; Craig and Dvorak, 1966; Regan, 1998). However, as

Tc declines the metabolic rate increases and coincident with metabolic rates above 150-200 W
/c can exceed pre-immersion values (Strong et al., 1985). These data indicate that the

environmental temperature and the duration of cold exposure will determine the cardiovascul

responses to cold stress. Furthermore, the prolonged and severe cold exposures characterist
previous pre-cooling manoeuvres (30-90 min with Tw less than 20°C or Ta 0-15°C), could be
expected to impose considerable strain on the cardiovascular system prior to ensuing work.

Previous investigations have described a critical temperature (Tw 30-34°C; Ta 27-29°C)

corresponding to the lowest environmental temperature required to elevate the metabolic rate
above the basal value (Scholander et al, 1950; Rennie et al, 1962). Thus, the environmental
conditions imposed during whole-body pre-cooling manoeuvres evoke marked increases in the

resting metabolic rate. Accordingly, oxygen consumption (VQ2) increased by greater than twofold in males during a 30-90 min cold exposure at Ta 0-20°C (McCardle et al, 1984;
Olschewski and Briick, 1988; Lee and Haymes, 1995). Moreover, 30-min whole-body water
immersion at 18°C was associated with an approximate three-five-fold increase in Vo2
(Martineau and Jacobs, 1988; Regan, 1998). In such circumstances, circulating and
intramuscular substrates are utilised to fuel the increased energy demands of cold exposure
(Martineau and Jacobs, 1988; Vallerand and Jacobs, 1989; Martineau and Jacobs, 1991). For
example, in humans 90 min of whole-body water immersion at 18°C decreased the plasma
glucose and muscle glycogen concentration by about 21%, whilst the rate of carbohydrate
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oxidation increased approximately six-fold (Martineau and Jacobs, 1988). In addition,

following a substantial reduction in the resting muscle glycogen concentration (greater than

50%), the plasma glycerol and free-fatty acid (FFA) concentrations were elevated during cold
water immersion (90 min at 18°C; Young et al, 1989; Martineau and Jacobs, 1991). These data
indicate that during pre-cooling, the increased metabolic rate is fuelled by intramuscular

carbohydrate and lipid stores. Whilst it is uncertain if these metabolic events evoked durin

pre-cooling would limit subsequent exercise, in the least, they must be considered as highly
undesirable.

Cold stress can increase the plasma noradrenaline and adrenaline concentrations (Galb0 et al
1979; LeBlanc et al., 1979; Wennmalm, 1973), with the magnitude of the response dependent

on the intensity, duration and physiological strain imposed by the environmental stress (Co
and Weiner, 1968; Francesconi, 1988). In general, studies reporting an increase in plasma

adrenaline during cold stress utilise prolonged and/or severe cold exposure (i.e. air and w
temperature less than 5 and 15°C respectively, for 60 min or longer; Lamke et al., 1972;
Wennmalm, 1973; Graham et al., 1991). Plasma noradrenaline however, has been shown to

increase within 5 min of cold exposure, as sympathetic nerve activity is increased by the f
Tsk (Johnson et al., 1977; Wennmalm, 1973). During cold exposure, an increase in the plasma

catecholamine concentrations could exert a number of diverse actions including constriction

the cutaneous vessels to minimise heat loss, an increase in the metabolic rate, cardiac freq

and cardiac output and altered muscle substrate metabolism. Thus, marked elevations in plasm
catecholamine concentrations during pre-cooling could further disrupt the pattern of
metabolism prior to subsequent exercise.
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2.3 S u m m a r y
For several decades, researchers have investigated methods for reducing the thermal strain
associated with an increased metabolic or environmental heat load. Whilst continuous, wholebody cooling is the most effective method for decreasing thermal strain during low-intensity
work, this strategy is unsuited to more sustained efforts. In this instance, whole-body precooling is a preferred option. Given the physical properties of water and its superior thermal
conductivity compared to air, effective deep tissue cooling should be possible during a
relatively short period of immersion at a moderate T w . Moreover, this manoeuvre should not
require re-warming or transient periods or evoke severe cold-stress responses. This contrasts
previous methods of whole-body pre-cooling utilising sudden and prolonged exposures to cold
air (0~10°C), or cold water (15-20°C). These methods of pre-cooling could encompass
considerable subject discomfort and evoke several quite severe cold-stress responses, which
could have a deleterious effect on ensuing exercise. Furthermore previous pre-cooling
manoeuvres are generally time consuming and characterised by re-warming or transient periods
to decrease shivering thermogenesis. Presumably, these periods also reduce subject discomfort
and permit physiological re-adjustment to cold stress so that sustained exercise can be
optimally performed. In this study, the effectiveness of water immersion at moderate T w as a
method for whole-body pre-cooling was investigated.

2.4 METHODS
2.4.1 Pilot Testing
Preliminary trials were undertaken to determine an appropriate T w and duration for the precooling manoeuvre. Three healthy males with physical characteristics: age 31.6 years (SD 5.5);
mass 81.41 kg (SD 1.58); height 180.2 c m (SD 3.5); s u m of eight skinfolds 95.2 m m (SD 8.3);
participated. Each subject completed 60-min whole-body water immersion trials at 30, 28, 26,
and 24 G C. During water immersion, the subjects were semi-nude and sat semi-reclined in a
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water bath, with the water at the level of axilla. For each trial, the initial T w was set by partial
filling with hot water, and taken to the required volume with cold water. The tank's small
volume (0.792 cm3) permitted Tw to be reduced relatively quickly through siphoning (about 9

L-min"1) and simultaneous refilling with cold-tap water at 13-15°C. Throughout an experiment,
the water was occasionally stirred with a hand-paddle to promote an even temperature. For Tw
measured at four locations, at 5-min intervals during 60 min of siphoning and refilling, the
coefficient of variation was not greater than 1.7% between locations.

Rectal temperature (Tre) was monitored as an index of Tc using a 12-gauge disposable rectal
thermistor (Mon-a-therm, Mallinckrodt Medical Inc. St. Louis, MO.) fitted with a 5-mm

diameter plastic bead 12 cm from the tip. The bead was inserted past the anal sphincter and t

thermistor lead fixed in the small of the back with tape. Skin temperature was measured using
thermistors (Yellow Springs Instruments CO. Inc. Ohio, U.S.A.) secured at the chest, arm,
thigh and calf. The skin and rectal thermistors were connected to an eight-channel
telethermometer (Zentemp 5000, Zencor Pty. Ltd. Aus.). Temperatures were recorded at rest
and thereafter, at 5-min intervals throughout immersion and at 5-min post-immersion. Mean
skin temperature (TSk) was calculated using the formula:
T

sk

= 0.3 x (Tchest + Tleft

arm)

+ 0.2 x (Tleft

tnigh

+ Tteft

leg)

(Ramanathan, 1964)' Equation 2.1

Cardiac frequency was monitored continuously from ventricular depolarisation (Model PE
3000, Polar Electro, Sport Tester, Finland) and recorded at rest, and thereafter at 5-min
intervals up to 5 min post-immersion. Self-reported thermal comfort was recorded at 5-min
intervals, using the seven-point scale described by Bedford (1964). During immersion,

1

Four sites, which were all immersed during the trial, was considered adequate for deriving T ^ in water due to

the uniform decrease in Tsk. Using a Pearson Product M o m e n t Correlation, the association between T $k derived
from four versus eight skin sites during rest, with T w 28-23°C was r = 0.99 (P < 0.0001; n = 10).
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observations of shivering were noted as no shivering, short intermittent bursts of shivering, and

more continuous shivering bursts of various intensities as previously determined using EMG

activity (Martineau and Jacobs, 1988). Due to the small sample size (n = 3), descriptive bu
inferential statistics were computed.

The Tre and/c, during 60-min whole-body immersion at Tw 30, 28, 26, and 24°C, and at 5-min
post-immersion are shown in Fig. 2,1. During the first 20 min of immersion, the most

pronounced increase in Tre was observed at 26 and 24°C (Fig. 2.1A). Moreover, at a Tw of 24

Tre remained higher than the resting (pre-immersion) value after 30 min of immersion. Sixty

min immersion lowered Tre in all conditions, with the most marked decrease in Tw 24°C. Ther
was an ordered effect of Tw on the fall in Tre post-immersion (afterdrop), which increased

was lowered. The pre-immersion fc was also lowered during water immersion in all conditions
Whilst/C was variable during immersion, it tended to be higher at Tw 26 and 24°C, compared

Tw 30 and 28°C. Subjects demonstrated intermittent shivering on entering the water at all T

This decreased within two to four min at Tw 30 and 28°C, but was prolonged as Tw decreased.

During immersion at a Tw of 26-24°C, the initial shivering response lasted for five to 10 m

Intermittent shivering were observed during the final 15-min period of immersion at 30 and

28°C. During the final 20-min period of immersion at 26 and 24°C, more continuous bursts o
shivering of various intensities were observed. At the commencement of immersion, self-

reported thermal comfort was 'comfortable' at Tw 30°C and 'comfortably cool' at Tw 28°C. Fo
Tw 26 and 24°C, thermal comfort was reported as 'too cool' and 'much too cool',
respectively. The lower Tw evoked the greatest thermal discomfort throughout the 60-min
immersion.
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Fig. 2.1. The change in (A) rectal temperature and (B) cardiac frequency at 10-min
intervals during 60 min of whole-body water immersion at 30, 28, 26, and 24°C and
at 5-min post-immersion. Data are means for n = 3.
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For water immersion pre-cooling, it was hypothesised that an initial T w close to 30°C would
cause little subjective discomfort. Moreover, immersion at this T w should not evoke marked
cold-stress responses. After an adaptation period of five to ten min, T w would be gradually
reduced to about 24°C over a 60-min period. In contrast to previous pre-cooling manoeuvres,
re-warming or transient periods were not utilised to dampen the shivering response. Whilst
cold-stress responses were expected at T w 26-24°C, it was hypothesised that these might be
limited by, a gradual reduction in T w , thus avoiding rapid changes in T c or T&, and only 20-30
min of exposure to these temperatures. Exposure to the lower T w (26-24°C) was deemed
necessary to promote effective deep tissue cooling and evoke a marked reduction Tsk. However,
due to differences in physical characteristics, some individuals were expected to be less tolerant
of a lower T w and experience rapid cooling and a strong shivering response. O n occasion where
strong-continuous shivering persisted, pre-cooling was terminated within 60 min,

2.4.2 A method for whole-body pre-cooling- water immersion at moderate temperatures
2.4.2.1 Subjects
Twelve healthy males participated as subjects" in this study, approved by the University's
H u m a n Experimentation Ethics Committee. Subject characteristics are listed in Table 2.1. Each
subject received a Subject Information Package, provided informed consent and completed a
medical history questionnaire to ensure there were no contraindications to participating in the
experiment.

2.4.2.2 Overview
Subjects arrived at the laboratory in a rested state and were instructed to void. After resting
quietly for 10-15 min, nude body mass was measured. A rectal thermistor was inserted and a/c
monitorfitted.Skin thermistor sites were prepared by shaving, and cleansing with alcohol, and
skin thermistors secured with tape. Subjects then sat quietly for 15 min at room temperature,
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Table 2.1 Physical characteristics of subjects
Subject

Age .
(yr)

SI

20

S2

37

S3

I8skf(mm)

174.5

Mass
(kg)
73.92

70.1

BSA
(m2)
1.88

183.0

84.52

87.2

2.06

32

176.3

78.20

94.9

1.94

S4

25

176.0

70.20

69.2

1.86

S5

20

178.0

75.52

77.7

1.93

S6

28

180.1

71.12

70.4

1.90

S7

33

171.0

54.39

41.2

1.63

S8

25

175.5

70.49

69.7

1.86

S9

22

180.5

75.30

82.2

1.95

S10

26

181.2

81.51

102.4

1.95

sn

26

176.3

75.12

84.8

1.91
1.71

S12
1 Mean

SD

Height (cm)

22

176.4

57.81

47.7

26.7

177.5

73.66

74.8

1.90

5.5

3.5

7.80

17.7

0.10

i

Abbreviations: Z8skf- Sum of eight skinfold sites (biceps, triceps, subscapular,
midaxillary, suprailiac, abdominal, thigh, and calf skinfold thickness); B S A = b o d y
surface area (Du Bois and DuBois, 1916); S D - standard deviation.
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and were read the instructions for the psychophysical variables. At the completion of the rest
period, thermal sensation was recorded and baseline measurements collected. Subjects then
entered a water-immersion tank for whole-body cooling.

The measurements made during the trial were; Tre as an index of core temperature; skin
temperatures; vastus lateralis temperature, plasma catecholamines (noradrenaline and
adrenaline); cardiac frequency; respiratory function (oxygen and carbon dioxide fractions of
expired air and ventilation); and psychophysical assessment (thermal comfort).

2.4.2.3 Procedures
2.4.2.3.1 Whole-Body Pre-cooling
The pre-cooling maneuver involved immersion at an initial Tw of 28,7°C (SD 1.1) which was
decreased to 23.8°C (SD 1.1) over a 60-min period. Throughout pre-cooling, the subjects were

dressed in swimmers and sat semi-reclined in the bath, with the water level at the axilla. Af
an initial accommodation period of three to five min, water was siphoned from the bath and
replaced with cold water (13-15°C). If strong-continuous shivering persisted beyond 3 min,
subjects were removed from the bath within 60 min. At the completion of 60-min immersion,
the subjects exited the water bath and were toweled dry. Temperature measurements were
recorded throughout immersion and at 5-min post-immersion with the subject standing. The
mean Ta throughout the trials was 25.1 °C (SD 2.1).

2.4.2.3.2 Experimental Standardisation

To ensure that testing was performed with a minimal influence of extraneous factors, subjects

were asked to: refrain from strenuous exercise and alcohol ingestion for 48 h prior to testi
and to have a low fat breakfast, with abstinence from caffeine on the day of testing.
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2.4.2.3.3 Temperature measurements
Rectal and Tsk were monitored using thermistors (section 2.4.1 for details). Mean skin
temperature (Tsk) was calculated according to Ramanathan, (1964; section 2.4.1 for details).
Mean body temperature (TD) was calculated according to the temperature of the surrounding
medium (Bittel etal, 1971). Thus for thermoneutral air and cold-water, respectively:
Tb = Tre x 0.79 + Tsk X 0.21 Equation 2.2
Tb = Tre x 0.67 + T

sk

x0.33 Equation 2.3

Due to the diminished role of the skin in determining body heat content at low skin
temperatures, for the 5-min period post-immersion, Tb was calculated as:
f

b

= Tre x 0.73 + Tsk x 0.27 Equation 2.4

2.4.2.3.4 Calibration

Rectal and skin thermistors, were calibrated in a stirred water bath against a standard merc
thermometer (CT40, Crown Scientific Pty. Ltd. Australia). For calibration purposes, three

rectal thermistors were checked. The thermistors were bunched around the thermometer bulb i
the water bath with the initial Tw set at 15°C, and incremented 5°C every 10 min until Tw
reached 40°C. Data from the thermistors were recorded with a corresponding reading made
with mercury thermometer every 10-min. All thermistors showed a linear response. For the

skin thermistors (N = 5), the coefficient of variation at each reference measurement ranged

from 0.5-1.5%. For the rectal thermistors (N = 3), the coefficient of variation at each ref
measurement ranged from 0.3-0.5%.

2.4.2.3.5 Oxygen consumption and ventilation
Data from expired gases were sampled on a breath-by-breath basis using an automated system
(Exerstress, Clinical Engineering Solutions, Sydney, Australia.) interfaced with oxygen and

22

carbon dioxide analysers (P.K. Morgan Ltd. Kent, England). Subjects breathed through a hand
held Hans Rudolph two-way valve (dead space 115 ml) with expired air passed to the system
by 35-tnm, low resistance tubing. Expired ventilation (BTPS; VE) was measured using a
pneumotachograph (model 3813, Hans Rudolph Inc. Kansas City. M O . ) calibrated with a 3-L

syringe prior to each exercise trial. Expired air was monitored continuously, with oxyge

and carbon dioxide (Vco2) fractions determined at 20-s intervals. During gas collection,
mouthpiece was positioned for approximately 5 min, with the respiratory data measured from
thefinalminute of expired gas. Both analysers were calibrated before and after the completion
of each trial with a gas comprising a known oxygen and carbon dioxide concentration. Recalibration and verification was performed after 30-40 min water immersion.

2.4.2.3.6 Substrate metabolism
The amount of carbohydrate and fat oxidised during immersion was calculated from the mean
VQ and RER at each 15-min interval according to the equations of Lusk, (1924). Protein
oxidation was assumed to be negligible during cold-exposure as shown previously (Vallerand
and Jacobs, 1989). Thus, the rate of carbohydrate and fat oxidation (g-min"1) was calculated as:
Carbohydrate oxidation (g-min"1) =
%Vn2consumed by carbohydrate x Vo:(L-min"') x 5 Equation 2.5
4.2
Fat oxidation (g-min"1) =
% V Q consumed by fat x V n ; (L-min'1) x 4.7

Equation 2.6

9.4
Where;
% Vo 2 consumed by carbohydrate = 100 x ( R E R - 0.707) -=- 0.293 (Lusk, 1924);
% V Q 2 c o n s u m e d by fat = 100 x (1 - R E R ) ~ 0.293 (Lusk, 1924);
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5 = the rate of energy production (kcalT1) by carbohydrate per liter of 0 2 consumed;

4.7 = the rate of energy production (kcal-1"1) by fat per liter of O2 consumed (Dubois, 1924)
4.2 and 9.4 - therate energy production fkcal-gm"1) for carbohydrate and fat, respectively.

2.4.2.3.7 Cardiac frequency
Cardiac frequency was monitored continuously from ventricular depolarisation at 0.06Hz
(Model PE 3000, Polar Electro, SportTester, Finland) and recorded at rest and thereafter at
min intervals up to 5-min post-immersion.

2.4.2.3.8 Antropometrical measurements

Subcutaneous fat was approximated in triplicate at eight sites (see Table 2.1) using skinfo
calipers (British Indicators Ltd. England). Height was measured using a stadiometer to the

nearest 0.1 cm (Holtain Ltd. Britian). Body mass was measured using an electronic precision
balance (HW-100KAL GEC, Avery Ltd. Australia) calibrated with a known mass. Body
surface area was calculated according to the method of DuBois and DuBois (1916) where:
Body surface area (m2) = (7.18 * mass

a425

(kg) * Ht

a725

(cm)) x 1000"1. Equation 2.7

2.4.2.3.9 Psychophysical variables
Thermal comfort was determined from a seven-point scale described by Bedford, (1964) and

ranged from 'much too warm' (7) to 'much too cool' (1). Thermal comfort was assessed at tes
and thereafter at 5-min intervals up to 5 min post-immersion.

2.4.2.3.10 Muscle temperature and plasma catecholamine concentrations
In this study, Tm was measured in two subjects before and after 60-mrn water immersion

cooling, with use of a 25-gauge needle thermistor (524 series, Yellow Springs Instruments C

Inc. Ohio, U.S.A.) inserted 35 mm into the vastus lateralis. For the same two subjects, 7 m
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blood was sampled from a superficial vein on the dorsal aspect of a pre-heated hand before and
about 5 min after the completion of water-immersion cooling. The blood for catecholamine
analysis was placed in pre-cooled heparinised tubes containing 14 u L sodium metabisulphite
(5gdL~'), and subsequently centrifuged at 4°C and 2,500 ipm for 10 min. The plasma was
removed using glass pipettes and transferred to plastic cryotubes, with the aliquot immediately
stored at -85°C until analysed for noradrenaline and adrenaline using high performance liquid
chromatography (detailed in Section 4.2.4.2.3).

2.4.3 Statistical analysis
Separate analysis of variance {ANOVA) with time as a repeated measure was used to determine
main effects for each of the variables (SPSS 8.0.0, SPSS Inc., N e w York, U S A ) . In the event of
a significant result, simple ANOVA

contrasts were performed to determine specific differences.

The missing data for two subjects at 50 and 60 min were estimated using the series mean.
Alpha was set at the 0.05 level for analysis. All data are presented as means with standard error
of the means (± S E M ) unless otherwise indicated.

2.5 RESULTS
2.5.1 Characterising the thermal stress
2.5.1.1 Water temperature and thermal comfort
Water temperature during the 60-min water immersion trial is shown in Fig. 2.2. At the
commencement of immersion T w was 28.7°C (SD 1.1), with thermal comfort reported as 3.8
(SD 0.4) representing "comfortable". In nine of the twelve subjects, short intermittent bursts of
shivering were observed at the onset of water immersion, but these dissipated within the first 35 min. During immersion, T w was reduced by 0.9°C (SD 0.4°C) at 10-min intervals reaching
23.8"C (SD 1.1) after 60 min (change in T w 4.8*0. Moreover, T w did not fall below 26°C until
after 25 min of immersion. Thermal comfort decreased throughout water immersion, and at 3 0
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Fig. 2.2. Water temperature at 10-min intervals throughout the 60-min wholebody water-immersion trial. Data are mean values with standard deviations of the
means forN= 12 except at 50 and 60 min where N = 10.
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and 60 min was 2.2 (SD 0.6) and 1.6 (SD 0.5) representing "too cool" and midpoint between
"too cool" and "much to cool", respectively. Intermittent shivering were most pronounced

during the last 20 min of immersion. Indeed, for two subjects, strong-continuous shiverin

persisted and they were removed from the water at 39 and 45 min, with both reporting ther
comfort as "much too cool". Thermal comfort recovered to 2.6 (SD 0.4) at 5 min postimmersion, midpoint between "too cool" and comfortably cool"

2.5.1.2 Body temperature

The pre-immersion Tre of 37.2 ± 0.1°C was not significantly altered by water immersion, b
36.9 ± 0.1°C (n = 10) after 60 min (P < 0.05; Fig. 2.3A). At 5-min post-immersion, T„

decreased further (0.3°C) to be significantly lower than the pre-immersion Tre by 0.6 ± 0
< 0.05). For the two subjects removed from the water, Tre had decreased by 0.3 and 0.7°C
39 and 45 min of immersion, and 0.4 and 1.0°C at 5-min post-immersion, respectively. The
immersion Tsk of 33.1 ± 0.3°C was reduced to 25.6 + 0.5°C after 60 min of immersion (P <
0.05; Fig. 2.3B). In contrast to the afterdrop observed for Tre, Tsk increased to 28.7 ±
the 5-min post-immersion interval (P < 0.05), but this remained significantly lower than
pre-immersion Tsk (4.4°C; P < 0.05). In a like manner, Tb decreased from 36.4 ± 0.1°C to

32.9±0.2°C after 60 min of immersion (Fig. 2.3C; P < 0.05), with a significant increase o

1.6°C at 5-min post-immersion (P < 0.05). Nevertheless, the 5-min post-immersion Tt, of 3
+ O.TC remained significantly lower than the pre-immersion Tb by 1.9°C (P < 0.05).

Water immersion also evoked a marked reduction in Tm measured in two subjects. In this
instance, the pre-immersion Tm was reduced from 35.2 and 34.1°C, to 31.7 and 29.4°C

respectively, at three to four min post-immersion. In the same two subjects, water immers
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Fig. 2.3. (A) Rectal (B) mean skin and (C) mean body temperature
pre-immersion, at 10-min intervals during immersion and at 5-min
post-immersion. Data are mean values with standard errors of the
means for n = 12 except at 50 and 60 min where n = 10.
tSignificantly different to pre-immersion (P < 0.05).
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had a greater influence on plasma noradrenaline compared to plasma adrenaline. Following

immersion, the pre-immersion plasma noradrenaline concentration of 2.5 and 1.6 nmol-L"' wa

increased to 4.8 and 4.3 nmol-L"', respectively (n = 2). However, immersion did not marked

alter the plasma adrenaline concentration, with similar pre and post-immersion concentrat
(pre-immersion, 0.6 and 0.4 nmol-L"1 versus post-immersion, 0.7 and 0.5 nmol-L"1; n = 2).

2.5.1.3 Cardio-respiratory function

A slight but non-significant reduction in the pre-immersion /c was observed throughout wate
immersion (5 beats-min"1; P > 0.05). A similar pattern was also evident at 5-min post

immersion with the pre-immersion/c slowed by 7 beats-min"1 (P > 0.05). The basal ventilatio

03TPS) of 6.5 ± 0.8 L-min" increased progressively throughout immersion reaching 12.2 ±1.4
L-min"' after 60 min (P < 0.05; Fig. 2.4A).

2.5.1.4 Oxygen consumption and substrate metabolism
Water immersion evoked a progressive increase in Vo2 from the base value of 0.35 ± 0.01 to
0.55 ± 0.03 L-min"1 following 60 min of immersion (P < 0.05; Figure 2.4B). The RER showed
considerable inter-subject variability and was not significantly altered by immersion (P
Fig. 2.4C). The rate of carbohydrate oxidation at rest (0.21 ± 01 g-min"1) was increased

approximately two-fold during immersion, reaching 0.44 ± 0.07 and 0.40 ± 0.07 g-min" after

45 and 60 min, respectively (P < 0.05; Fig. 2.5). In contrast, the rate of fat oxidation a

(0.09 ± 0.07 g-min"1) was unchanged during immersion (Fig. 2.5). Of note, was a greater tha

four-fold increase in the rate of carbohydrate oxidation in the two subjects removed from
due to a strong shivering response.
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Fig. 2.4. Oxygen consumption (Vo 2 ), ventilation (V E l ), and the respiratory
exchange ratio (RER) during the 60-min water immersion trial. Data are mean
values with standard errors of the means for n = 12 except at 45 and 60 min where
n = 10. fSignificantly different from pre-immersion (P < 0.05).
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Fig. 2.5. The rate of carbohydrate (•) and fat (O) oxidation during the 60-min
immersion trial. Data where calculated from the oxygen uptake and the R E R
determined at each 15-min interval. Shown are means with standard errors of the
means for n = 12, except at 45 and 60 min where n = 10. tSignificantly different to
the pre-immersion value (P < 0.05).
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2.6 D I S C U S S I O N
This study investigated a novel method for whole-body pre-cooling by water immersion at

moderate temperatures. The present findings indicate that whole-body water immersion at a

moderate Tw (range 29-24"C) provides an alternate method to previous whole-body pre-cooli

manoeuvres. Moreover, the gradual method of cooling was not associated with rapid changes

Tc or Tsk thus, sudden and severe cold stress responses were avoided and re-warming period

unnecessary. It is tentatively proposed that this pre-cooling manoeuvre would require lit

physiological adjustment and hence, permit strenuous exercise to be undertaken soon after
completion.

2.6.1 Does water-immersion cooling at moderate temperatures provide an effective
method for reducing tissue temperature prior to subsequent exercise?
The present findings indicate that whole-body water-immersion cooling at moderate

temperatures evokes similar reductions in Tc (about 0.6°C) to previous pre-cooling manoeu
(Hessemer et al, 1984; Olschewski and Briick et al, 1988; Lee and Haymes, 1995). For

example, equivalent reductions in Tre have been reported following 40 min of cold-air pre-

cooling at T„ 5°C (Lee and Haymes, 1995). In a like manner, around 0.5-0.8°C reductions in
TK have been observed following 90 min of exposure where Ta was reduced below 10°C

(Schmidt and Briick, 1981; Hessemer et al, 1984; Olschewski and Briick, 1998). Moreover, th

0.6°C decrease in Tre observed in this study, should be sufficient to reduce thermal stra

increase endurance during ensuing exercise. This notion is supported by a 21% increase in
endurance during exhaustive cycling at 82% V02Pe«k, with T, 24°C and the pre-exercise T„
reduced by approximately 0.5°C following cold-air pre-cooling (Lee and Haymes, 1995).
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In the initial period following whole-body water-immersion cooling the further decrease in T c

(afterdrop) is particularly relevant, as it reflects the magnitude of deep tissue cooling (Web
1986). Moreover, during subsequent work, afterdrop would provide a wider margin before

critical-limiting temperatures are reached. Mostly, afterdrop has been explained by periphera
vasodilation leading to a return of cold blood from the peripheral tissue to the central

circulation (Hayward et. al, 1984; Romet, 1988). However, this concept is not supported by the

present finding that after-drop occurred at a Tsk of 28.7°C, well below that required for activ
vasodilation (33°C; Cooper et al, 1964). Furthermore, Webb (1986) has shown that as long as

the shell is cooler, the body core will continue losing heat due to conductive heat transfer a

that re-warming of the skin only reaches the deep tissues much later. Thus, in the present stu
most of the afterdrop would have resulted from conductive heat transfer. Of note was the
increase in Tsk in the 5-min post-immersion period. Moreover, the rate of increase in Tsk will
more pronounced as the environmental temperature increases, reducing the Tc to Tsi; thermal

gradient and the potential for conductive heat loss during ensuing exercise. To fully exploit
decrease in tissue temperature, it is recommended that exercise commence soon after the
completion of water-immersion cooling.

An inherent problem with all pre-cooling manoeuvres is the increase in shivering, which acts t
maintain Tc and is thus, counterproductive to pre-cooling. However, re-warming between
successive cold exposures lowers the shivering threshold during the second exposure,

permitting Tc to be maintained at a lower level (Schmidt and Briick, 1981; Briick and Hinckel,
1984). In contrast to some previous pre-cooling manoeuvres (Hessemer at al, 1984;

Olschewski and Briick, 1998), the present method of cooling was continuous and did not utilise
intermittent re-warming. In this study, short-intermittent bursts of shivering were observed
throughout immersion for most subjects, with strong shivering persisting in two subjects. For
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both subjects the cooling manoeuvre was terminated within the allocated 60-min period.
Despite the shorter immersion time for these subjects, deep tissue cooling was evident by a
decrease in the resting T „ of 0.4 and 0.9°C at 5-min post-immersion.

In a previous investigation, 30 min of whole-body water immersion at 18°C reduced Tm by
about 2-3°C (Gonzalez-Alonso et al, 1999). In the present study T m , measured in two subjects,
was reduced by 3 and 5.0°C following 60 min of water-immersion cooling. Reductions in T m
analogous with this have been shown to decrease endurance and peak tension during maximal
work (Bergh and Ekblom, 1979; Sargeant, 1987). However, there is some evidence that during
prolonged submaximal work, muscular endurance could be increased at low T m (Clarke et al,
1958; Edwards et al, 1972; Kozlowski et al, 1985). Thus, it can be speculated that the
reduction in T m following whole-body pre-cooling at T w 29-24°C could benefit subsequent
work performance. Nevertheless, more data is required before an accurate assessment of waterimmersion pre-cooling on T m can be undertaken.

2.6.2 Does whole-body body cooling at moderate temperatures attenuate the cold-stress
responses?
Sudden cold exposure can evoke pronounced peripheral vasoconstriction, with increases in
central blood volume, Q, and blood pressure. These cardiovascular responses can evoke a
reduction in fc during cold exposure (Graig and Dvorak, 1966; Strong et al, 1985). In the
present study, the effect of a gradual reduction in T w , hence T,k, throughout immersion could be
to attenuate the severe peripheral vasoconstriction associated with sudden cold exposure.
During cold-water immersion, the initial spike in T c is caused by vasomotor reactions of the
skin shifting heat stores between 'shell' and 'core' (Nielsen, 1976). Hence, the absence of a
significant rise in T „ during the initial part of immersion, and the relatively stable /c during
immersion, could indicate attenuated vasomotor reactions of the skin. This response would
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assist with heat transfer from the 'core' to 'shell', thus promoting heat loss and deep tissue
cooling. In addition, decreasing the vasomotor reactions of the skin would require less
thermoregulatory and circulatory adjustments. Thus, sustained exercise should be able to be
performed optimally soon after the completion of immersion.

The increased metabolic rate noted during the 60 min water immersion trial is similar to
previous findings for subjects immersed in 23-27°C water (Cooper et al, 1976; McCardle et
al, 1984). By en large, this could be explained by an increase in shivering (Martineau and

Jacobs, 1988; Tipton et al, 1997) and the elevated levels of plasma norephinephrine (Lamke e
al, 1972; Johnson et al, 1977). During more severe cooling, the sympathoadrenal and
shivering response would be more pronounced, greatly disrupting the metabolic pattern and

impacting on muscle substrates required during ensuing exercise. In the present-study, 60 mi
of whole-body water immersion increased the resting metabolic rate by 60%, with a two-fold
increase in the rate of carbohydrate oxidation (Fig. 2.5). In contrast, 60-min cold-water
immersion at 18°C increased the metabolic rate and the rate of carbohydrate oxidation three
a half-fold and six-fold respectively, with an average rate of muscle glycogen utilisation
immersion of 1.27 mmol glucose-kg dry muscle'-min1 (Martineau and Jacobs, 1988). Adjusting

this rate of glycogen utilisation to the increase in the rate of carbohydrate oxidation note

during immersion in this study, and supposing a resting vastus lateralis glycogen concentra
in the range of 450-550 mmol glucose-kg dry muscle"1 (Booth et al, 1997), 60 min of water
immersion cooling might only reduce muscle glycogen by 4.5-5.5%. Whilst an increase in fat
oxidation could also be used to fuel the greater energy demands of shivering musculature
(Martineau and Jacobs, 1988; Martineau and Jacobs, 1991), the rate of fat oxidation was
unchanged during 60 min of immersion (Fig. 2.5). Given these data, it is unlikely that the
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present method of pre-cooling would greatly impact on the muscle substrate stores prior to
exercise.

Of note was the relatively stable adrenaline response measured in two subjects during the 60
min of water immersion, which has been recently confirmed during whole-body immersion at

equivalent water temperatures (Marino et al, 1998). These data could indicate that the therm

stress imposed by up to 60 min of water immersion at 29-24°C was not great enough to evoke a

significant adrenal response. Given the role of adrenaline in stimulating lipolysis and gly

(Dietz. et al., 1980; Nesher et al, 1980; Martin et al, 1993), an attenuated adrenal respons
during pre-cooling might further encourage a stable pattern of muscle metabolism.

Muscle blood flow is progressively diminished as Te falls below the basal value observed in a
thermoneutral environment (Pendergast, 1988). Consequently, a marked decrease in Tc of
around 0.5-0.8°C during pre-cooling (Hessemer et al, 1984; Olschewski and Briick, 1988;

Schmidt and Briick, 1981) could evoke substantial reductions in muscle blood flow. Certainly

this event could have the potential to limit the optimal performance of strenuous exercise s

after the completion of pre-cooling. In the present study, water immersion reduced Tc by 0.3°
It could be speculated that a more stable Tc during whole-body cooling might be associated

with a smaller diminution in muscle blood flow, thus requiring less post-immersion adjustmen

Nevertheless, reductions in muscle blood flow, during and following water immersion, can not
be discounted, given the lower Tc, and T&- In a previous study (Thorsson et al, 1985),
localised cooling of the quadriceps muscle to a Tsk equivalent to the one evoked by 60-min
water immersion in this study (25-26°C), reduced muscle blood flow by around 15%.
Furthermore, if Tm is reduced by 3"C or greater following water immersion cooling, as
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measured in two subjects, some diminution of muscle blood flow is likely (Barcroft and
Edholm 1943; Barcroft and Edholm, 1946).

2.6.3 General conclusions
Whole-body water immersion at moderate water temperatures of 29-24°C provides an
alternative option to previous whole-body pre-cooling manoeuvres. This method of cooling

evokes similar reductions in tissue temperature to previous manoeuvres and does not utilise r
warming or transient periods. On occasion where strong continuous shivering persists, waterimmersion cooling is completed within the allocated 60 min thus, avoiding the deleterious

effect that several cold-stress responses could have on ensuing exercise. It is proposed that
manoeuvre will not require substantial physiological adjustments hence, subsequent work

should be possible soon after its completion. Moreover, this is encouraged to fully exploit th
reduction in tissue temperature.
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CHAPTER

3: IMPROVED

RUNNING

PERFORMANCE

IN HOT. HUMID

CONDITIONS FOLLOWING WHOLE-BODY PRE-COOI TNr.
3.1 INTRODUCTION
Exercise at 7 0 - 8 0 % of peak oxygen uptake ( V o , p i ) in a moderate environment (18-25°C) for
greater than 30 min, evokes a marked increase in core temperature (Tc), which has been
proposed as primary factor limiting exercise endurance (Lee and Haymes, 1995; Parkin et al,
1999). In line with this, w h e n the exercise-induced rise in T c was attenuated during exercise in
a moderate environment following whole-body pre-cooling, endurance was increased
(Olschewski and Briick, 1988; Lee and Haymes, 1995).

However, endurance is most likely to be limited by hyperthermia during exercise in a hot,
humid environment (35-40°C; R H 5 0 % ) , where the combined effect of the environmental heat
load and impaired evaporative heat loss accelerate the rise in T c . In this circumstance, the lower
tissue temperature and the greater conductive heat loss possible following whole-body precooling, could promote exercise endurance. Nevertheless, there is little data to support this
idea. This project was thefirstin a series, which addressed the effects of whole-body precooling on exercise in a hot, humid environment. In contrast to previous studies, a novel
method of whole-body pre-cooling by water immersion at moderate temperatures was utilised.
In this study, running performance in a hot, humid environment was evaluated following
whole-body pre-cooling. In addition, the effect of whole-body pre-cooling on several
physiological variables, that could influence exercise endurance, was investigated.

3.1.1 Effect of increased tissue temperature on exercise endurance
Several studies have concluded that exercise endurance is determined by a critical-limiting
temperature (MacDougall et al, 1974; Fuller et al, 1988; Gonzalez-Alonso et al, 1999).
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MacDougall et al, (1974) exercised males to exhaustion at 7 0 % Vo2Peai< under thermoneutral,
hyperthermic and hypothermic conditions, achieved by use of a water-perfused suit. For
thermoneutral, hyperthermic and hypothermic conditions respectively, the time to exhaustion
was 48, 75, and 90 min. Moreover, for all conditions, and regardless of the exercise duration,
exhaustion occurred at the same rectal temperature (Tre) of 39.4°C. The findings of a recent

investigation (Gonzalez-Alonso et al, 1999), further support the concept of a critical-limiting
temperature. Therein, regardless of the starting Tc and muscle temperature (Tm), for males
exercising at 60% Vo2peak to volitional fatigue with air temperature (Ta) 40°C, exhaustion
occurred at identical oesophageal temperature (Tes; 40.1-40.2°C), Tm (40.7-40.9°C), and mean
skin temperature (Tst; 37.0-37.2°C). In a like manner, regardless of the initial Tc for rats

exercising in the heat, exhaustion occurred at an equivalent abdominal and brain temperature of
about 40°C (Fuller et al, 1998).

It has also been shown that the time to exhaustion for exercise at 70% Vo;PHt decreases with
increasing Ta (Galloway and Maughan, 1997; Parkin et al, 1999). Thus, during exhaustive
exercise in a hot versus a moderate environment, the average Te was increased by 0.6-0.8°C,
whilst the time to exhaustion was reduced by about 30 min (Galloway and Maughan, 1997;
Parkin et al, 1999). These aforementioned findings provide strong evidence that the exerciseinduced rise in Te, could be a primary factor limiting exercise endurance.

3.1.2 Factors limiting endurance during exercise hyperthermia

It is widely accepted that the origins of fatigue are multifactorial, with hyperthermia evoking

several responses that might contribute to fatigue, including altered muscle contractile funct
(Booth et al, 1997) and muscle metabolism (Brooks et al, 1912), or an increased release of
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heat shock proteins (Hales et al, 1996). A further possibility, is that during exercise and

hyperthermia, fatigue is central in origin (fatigue originating before the neuromuscular jun
(Edwards, 1984), and is associated with signals originating within the muscles, the internal
organs or the central nervous system, secondary to the increase in tissue temperature
(Gonzalez-Alonso et al, 1999). Whilst the wide ranging effects of hyperthermia are
recognised, this study focuses on thermoregulatory, cardiovascular and psychophysical
function during exercise and acute heat stress.

The increase in thermoregulatory and cardiovascular strain noted during exercise and
hyperthermia, could be a primary factors limiting endurance. During prolonged exercise and
heat stress, central blood volume is challenged by the increased demand for peripheral blood

flow and the greater loss of body fluids as sweating is accelerated. Moreover, the increased
blood flow and reduced blood volume have been proposed as the primary mechanisms for the
reduction in stroke volume (Q) observed during exercise and hyperthermia (Rowell et al,
1966; Gonzalez-Alonso et al, 1999). However, elevating Tc by 1°C during 30 min of exercise
at 70% V

0

peak in a hot environment, evoked a 7% reduction in Q and increased cardiac

frequency (/c) by 9 beats-min"1, despite an unchanged skin blood flow (Gonzalez-Alonso et al,

1997a). These data could indicate that during exercise and hyperthermia an increase in/c migh
also reduce Q, independent of skin blood flow changes.

Whilst a reduced Q is a primary problem encountered during exercise and hyperthermia, the
effect on cardiac output (Q) is less clear, with reports of an increase (Nadel et al, 1979;
Nielsen et al, 1999), no change (Nadel et al, 1979), or decrease (Rowell et al, 1966;
Gonzalez-Alonso et al, 1999). These data are most likely related to differences in the level
hyperthermia and the subject's hydration status. In support of this, despite a decrease in Q
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during 30 min of exercise at 7 0 % V o ^ a n d T , 35'C, Q was maintained by an increase mf.
However, when dehydration was superimposed on exercise in the heat (4% change in body
mass), Q was also markedly reduced (Gonzalez-Alonso et al, 1997a).

A further possibility is that increased circulatory strain during exercise and hyperthermia
to a reduction in muscle blood flow. In this instance, a reduced delivery of substrates and

oxygen to working muscle might be expected to impair contractile function. These events cou
in part, explain the 3-13% reductions in Vo^ previously noted when hyperthermia was
imposed on maximal and supramaximal exercise (Tc and Tm, range 39-40.5°C; Holmer and
Bergh, 1974; Pimay et al, 1977; Dimri et al, 1980). However, during prolonged submaximal
exercise and acute heat stress the change in Vo2 appears to be small, ranging from 80-130
ml-min"1 (Rowell et al, 1969; MacDougall et al, 1974; Dimri et al, 1980; Smolander et al,

1986) and in this instance, muscle blood flow might not be impaired. Whilst acute heat stre

reduced muscle blood flow during prolonged exercise in sheep (Bell et al, 1983), the data ar

less clear for humans. Early investigations (Donald et al, 1957; Rowell et al, 1968) showed

that combined exercise and heat stress increased muscle lactate accumulation and the rate o
muscle glycogen breakdown. Hence, these investigations concluded that muscle blood flow

was reduced. In contrast to this, leg blood flow measured directly from the femoral vein wa
unchanged during 60 min of exercise at 60-70% V0,Pmk in hot conditions, with Tc reaching

40°C and near maximal f, evoked (Nielsen et al, 1990; Nielsen et al, 1993). More recent work
(Gonzalez-Alonso et al, 1997b), indicates that muscle blood flow can be reduced during
combined hyperthermia and dehydration. For hyperthermic, dehydrated males (Tes = 39.7°C;
decrease in body mass of 4%), cycling for 135 min at about 70% VolP„k at T„ 35°C, Q and leg
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blood flow were reduced by 3-4 and 1.0 L-min"1, respectively. These data indicate that in the

absence of marked dehydration, it is unlikely a reduction in muscle blood flow during exercise
and hyperthermia would limit exercise endurance.

Hence, the marked thermoregulatory and cardiovascular adjustments to exercise and acute heat

stress might limit endurance. In addition, exercise and acute heat stress could be expected to
increase thermal sensation and reduce thermal comfort (Hardy et al, 1970; Hensel, 1981). A
further possibility is that during exercise and hyperthermia, the combined effect of the
increased thermoregulatory and cardiovascular strain, along with a deterioration in
psychophysical status, could be to reduce the "motivation" or "drive" to exercise, thus
impairing exercise endurance.

3.1.3 Exercise endurance in a moderate environment: effect of whole-body pre-cooling

It is generally accepted that following whole-body pre-cooling, a reduction in Tc of 0.5-0.1°C
can increase exercise endurance in a moderate environment (18-25°C). For example, cold-air
pre-cooling increased endurance by 12% during cycling performed at 40% Vo2peak for 16 min

and then to exhaustion at 80% V o2peak (Olschewski and Briick, 1988). In a like manner, cold-ai
pre-cooling increased endurance by 7% during a 60-min rowing time trial (Hessemer et al,
1984). In more recent investigation, cold-air pre-cooling increased endurance by 121% during
exhaustive running at 80% Vo2Peak (Lee and Haymes, 1995).

Following whole-body pre-cooling, the marked reduction in body heat content (Hc) attenuates
the exercise-induced rise in Tc during subsequent exercise, despite and increase in body heat
storage (Lee and Haymes, 1995). Thus, it has been proposed that in a pre-cooled condition,
more work can be completed before a critical limiting temperature is reached (Lee and Haymes,
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1995; Gonzalez-Alonso et al, 1999). Moreover, the lower T c in a pre-cooled condition evokes
several cardiovascular and thermoregulatory adjustments that could favor an increase in
endurance.

Several studies (Schmidtand Briick, 1981; Hessemer et al, 1984; Olschewski and Briick,
1988) employed approximately 100 min of cold-air pre-cooling to lower J„ by 0.5-1.0°C
throughout 20-30 min of exercise at 70-80% Vo2Peak and T, 18°C. Attenuating the exerciseinduced rise in Te! reduced cardiovascular strain, as evidenced by a decrease in/c of 10-15
beats-min" during the first 15 min of exercise. Similar findings have been reported in more
recent investigations (Lee and Haymes, 1995; Gonzalez-Alonso et al, 1999). Several

mechanisms could contribute to a reduced/c in a pre-cooled condition including: a Qi0 effect on
intrinsic/„ (Jose et al, 1970); a change in peripheral venous tone and hence, venous return

(Rowell, 1983); or mediated by arterial baroreflexes (Olschewski and Briick 1988). In addition
the decreased demand for skin blood flow would help maintain central blood volume,
increasing Q and Q, with a concomitant decrease in fc. The data of Rowell et al, (1969)
demonstrating the reversal of whole-body heating induced reductions in Q, central blood
volume, and central venous pressure, following whole-body cooling support this notion. Recent
data also indicate that attenuating the rise in Tc during exercise can directly increase Q,
independent of the circulatory dynamics (Gonzalez-Alonso et al, 1999). Whilst Olschewski
and Briick, (1988), reported a 37% decrease in forearm blood flow in pre-cooled males
exercising at 80% V0 peak, Q and Q were not significantly altered. Contrasting this are the

recent findings in this laboratory, that forearm skin blood flow, Q, and/c are markedly reduce
in a pre-cooled condition during prolonged exercise (MacDonald et al, 1999). These data
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indicate that during exercise in a pre-cooled condition, circulatory function could be more
efficient, which results in less circulatory strain.

Following pre-cooling, the lower Tc throughout exercise provides a substantially greater core
skin thermal gradient. Consequently, the demands placed on the heat dissipating mechanisms
are reduced, as conductive heat loss down the thermal gradient is increased. A further

possibility is that in a pre-cooled condition, the thresholds for heat dissipation are reduced

idea is supported by the findings that the threshold for sweating and vasodilation were reduced
during exercise in a pre-cooled versus a non-pre-cooled condition (at a mean body temperature
(Tb) 0.3°C lower; Olschewski and Briick, 1988). However, whilst sweating might be initiated

at a lower Tc following pre-cooling, the sweat rate was considerably lower during exercise in a
pre-cooled condition (range 5-50%; Schmidt and Briick, 1981; Hessemer et al, 1984;
Olschewski and Briick, 1988; Lee and Haymes, 1995). Thus, in a pre-cooled condition, the
decreased fluid loss might reduce the impact that hyperthermia can have on the blood and
plasma volume, small changes to which, can reduce exercise endurance (Craig and Cummings,

1966; Saltin, 1964). Given the aforementioned responses, it could be speculated that exercise i
a pre-cooled condition would result in adjustments to psychophysical status. Following precooling, the lower Tb might increase thermal comfort, with a reduced effort sense. The
improved pyschophysical status, combined with the decreased strain imposed on several
physiological systems, could increase the "motivation" to exercise, resulting in greater
endurance. Nevertheless, the psychophysical status during exercise in a pre-cooled condition
has not been investigated.

In summary, whole-body pre-cooling can increase endurance during prolonged exercise
performed in moderate environmental conditions. The increased endurance has been linked to
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an attenuated rise in exercising T c , resulting in a marked reduction in thermoregulatory and
cardiovascular strain. Furthermore, pre-cooling might permit more work to be completed
before a critical-limiting temperature, which could limit exercise endurance, is reached.

3.1.4 Could whole-body water immersion pre-cooling increase exercise endurance in a
hot, humid conditions?
Despite the greater potential for endurance to be limited by hyperthermia during exercise in a
hot and humid environment, the influence of whole-body pre-cooling on performance in these
conditions has not been investigated. Nielsen (1996), has provided useful data regarding the
calculation of the limits that heat and humidity might impose on work performance. Using this

data, it is possible to estimate the benefit that a reduced Tre, following whole-body pre-cooling,
could have on subsequent exercise. For a 10000 m runner with an average speed of 5.5 nrs"1,
mass 66 kg, body surface area 1.74 m2, running in Ta = 35°C and RH exceeding 60%, the heat
accumulation and possible evaporation under these environmental conditions will be 1452 W(1)
and 870( W, respectively. Hence, the heat that could not be dissipated by evaporation would
be 582 W. If the heat capacity of the body is assumed to be 3.47 kJ-C'-kg'1, it is possible to
estimate the rise Tre. Under these conditions the rise in Tre would be 1°C every 6.5 min.
Supposing a pre-exercise Tre of 37.3°C, within 15 min of running, Tre would be greater than
39.5°C. However, with a reduction in Tre of 0.6°C (i.e. starting Tre = 36.6°C) possible following
whole-body water immersion at moderate temperatures (see section 2.5.1.2), Tre would not
exceed 39°C after 15 min of running. Furthermore, this does not account for the benefits

'Heat in Watts or J-sec'1 = kg x m-s'1 x ~4J-kg'1-m'1, where; kg is body weight, m-s"1 is running s
approximately 4 J-kg"'-irf' is the rate of heat production (Nielsen, 1996).
Equation 3.1
Therefore: 66 kg x 5.5 m-s'1 x 4 J-kg'-min'1 = 1452 W .
2
Evaporation = 124 -Vv (Psk - Pa)WkPa"'-m , where: v = wind velocity equivalent to running speed; Psk is skin
vapour pressure (5.62 kPa at Tsk = 35 °C); Pa is ambient water vapour pressure kPa (3.90 kPa at relative humidity
= 70%); m'2 is body surface area (Nielsen, 1996).
Equation 3.2
Therefore: 124 x V5.5 ms'1 x (5.62.Psfc- 3.9PJ x 1.74 m 2 = 870 W .
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afforded by reduced skin temperatures following water-immersion pre-cooling. Hence, this
study investigates the hypothesis that whole-body pre-cooling would reduce thermal strain and
increase exercise endurance in a hot, humid environment.

3.1.S Summary
An increase in T c has been proposed as a primary factor limiting exercise endurance. Several
studies have shown that small decreases in T c following whole-body pre-cooling can increase
endurance in moderate environments. Therein, the increased endurance has been linked to
reduced thermoregulatory and cardiovascular strain.

During prolonged exercise in a hot, humid environment, both the rise in Tc,
are more marked. These events greatly increase the likelihood that hyperthermia could limit
exercise endurance. Whilst speculative, whole-body pre-cooling might reduce thermal and
cardiovascular strain and increase thermal comfort during exercise in hot, humid conditions,
which combined, could increase exercise endurance. Furthermore, whole-body pre-cooling at
moderate water temperatures is a preferred option to previous pre-cooling manoeuvres,
employing cold-air or cold-water exposure. The hypothesis that whole-body water-immersion
pre-cooling would increase the distance run for a 30-min time trial in hot, humid conditions
was tested. In addition, the influence of pre-cooling on several physiological variables, which
might influence endurance, was investigated from a practical, but not mechanistic perspective.

3.2 METHODS
3.2.1 Subjects
Eight (5 male and 3 female) healthy subjects with the characteristics shown Table 3.1
participated in the study, as approved by the University's Human Experimentation Ethics
Committee. All subjects were competitive, but non-elite, endurance runners from a local
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Table 3.1 Physical characteristics of subjects

Subject

Age
(yr)

Vo2peak

si"

34

Ht
(cm)
159.5

127.2

60.0

182

s2"

24

162.0

64.78

94.3

61.4

195

s3"

25

156.0

53.3

94.7

60.0

195

s4

20

178.0

76.99

70.1

63.3

180

s5

25

176.0

68.52

60.2

66.1

195

s6

25

175.5

70.49

58.6

67.6

197

s7

33

171.0

54.64

40.7

62.2

194

s8

28

180.0

70.44

69.3

64.0

178

Mean

26

169.8

65.10

76.9

63.1

190

S.D.

5

9.3

8.21

27.2

2.8

8

Mass
(kg)
61.61

E8skf

(mm)

(mlkg"'^^"1)

Max/C
(beats-min'1)

Abbreviations: "female subjects; 18skf = sum of eight skinfold sites (biceps, triceps,
subscapular, midaxillary, suprailiac, abdominal, thigh, and calf skinfold thickness);
Vo2peak = peak oxygen uptake; fc= cardiac frequency; S.D. = standard deviation.

athletic club. Each subject received a Subject Information Package, provided informed consent
and satisfactorily completed a medical history questionnaire to confirm their suitability to
undertake strenuous exercise before participating.

3.2.2 Overview

hi this project, the distance covered in two 30-min treadmill runs was evaluated. The subjects
were familiarised to self-paced treadmill running on two occasions, before performing a
maximal incremental run to voluntary fatigue. For the subsequent exercise tests, subjects

completed two 30-min running time trials in hot, humid conditions. For one trial, exercise was
preceded by whole-body water immersion pre-cooling. The tests were conducted in a balanced
order, with a minimum of three, but no more than seven days apart.

Measurements during the testing included: T„ as an index of core temperature; skin
temperatures (Tsk), cardiac frequency (fc), oxygen consumption (V0l), change in nude mass

corrected for water intake as an index of total body sweating; blood lactate concentration; an
psychophysical variables (thermal sensation and rating of perceived exertion).

3.2.3 The maximal aerobic power test
The peak aerobic power (Vo2fa±) of each subject was determined using a ramp exercise
protocol on a Repco motor-driven treadmill. The incremental test consisted of a 5-min
accommodation period at 10 km-hr', followed by a run at 13 km-hr', with the treadmill grade
increased 2%-min'1. Each test was terminated at volitional exhaustion, using a reduced work
rate to allow recovery. Expired gases were sampled continuously for flow (to determine tidal

volume and minute ventilation) and the fractional concentrations of oxygen and carbon dioxide.
These data were sampled at 20-s intervals and used to derive Vo2, with the Vo2P^ defined as
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the highest oxygen uptake (ml-kg-'-min-l) over a one-minute interval. Cardiac frequency was
monitored from ventricular depolarisation (Model PE3000, Polar SportTester, Finland), and
peak/c was taken as the highest value obtained during the test (Table 3.1).

3.2.4 Subject preparation
Subjects arrived at the laboratory in a rested state and were instructed to void. After resting
quietly for 10-15 min, semi-nude body mass was measured. The right hand was heated in a
water bath (about 45°C) for 10 min and a finger prick blood sample collected to determine the

blood lactate concentration at rest. A rectal thermistor was inserted and a/c monitor fitted. Sk
thermistor sites were prepared by shaving and cleansing with alcohol, before the skin
thermistors were secured. Subjects then sat quietly for 10 min at room temperature (21-24°C),
whilst the instructions for the psychophysical variables were read to each subject. At the
completion of the rest period, thermal sensation was recorded and baseline measurements
collected. Subjects again voided and then entered a water immersion tank for whole-body precooling, or commenced the non-pre-cooled run. -

3.2.5 Experimental standardisation
To ensure that testing was performed with a minimal influence of extraneous factors, subjects

were asked to: refrain from strenuous exercise, and alcohol ingestion for 48 h prior to testing;

follow their normal pre-competitive diet for the 24 h prior to each trial; abstain from caffeine

on the day of testing; have a low fat breakfast on the day of each trial and to consume a volume
of water equivalent to 15 ml-kg"1 body mass before arriving at the laboratory. The heat stress

tests were performed at the same time of day, within a subject, to cater for circadian shifts in
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3.2.6 Whole-body pre-cooling
Subjects were required to undertake up 60 min of whole-body water immersion as described in
Section 2.4.2.3.1. U p o n leaving the water bath subjects were seated, toweled and put on
running shoes to c o m m e n c e the performance test 2.9 min (SD 0.3) after the completion of precooling.

3.2.7 Heat stress tests
For the heat stress tests, subjects were verbally encouraged to ran the greatest distance possible
on the motor-driven treadmill. T h e test-retest reliability for a running time trial is good
(coefficient of variation = 3.4%; Jeukendrup et al, 1996), and this test is more accurate for
assessing endurance than the traditional method of exercise conducted at a fixed Vo until
exhaustion (coefficient of variation = 3 0 % ; Jeukendrup et al, 1996; McKellan et al, 1995).
The heat stress trials were conducted in a climate-controlled room where T a and R H where
maintained at 31.6°C (SD 2.1) and 6 0 % (SD 5.6). Subjects were permitted to drink ad libitum
during the exercise test, with the volume consumed recorded.

3.2.8 Calculating running distance
Running speed was increased or decreased on demand, through previously rehearsed signals to
the experimenter, and set to the nearest 0.5 km-h'. The time spent at each speed was noted,
with the distance run calculated from the s u m of the speed, multiplied by the time running at
that speed. For one subject, the coefficient of variation for the distance run during four 30-min
running time trials at 10 km-h"1 was 1.6%.

3.2.9 Temperature measurements and calculations
Rectal temperature was monitored as an index of T e using a 12-gauge disposable rectal
thermistor (Mon-a-therm, Mallinckrodt Medical Inc., St. Louis, M O . ) fitted with a 5 m m
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diameter plastic bead placed 12 c m from the tip. The bead was inserted past the anal sphincter

and the thermistor lead fixed in the small of the back. Skin temperature was measured at fo

sites (chest, arm, thigh and calf) using thermistors (427 series, YSI, Yellow Springs, OH).

thermistors were calibrated in a stirred water bath against a standard mercury thermometer

described in Section 2.3.6. The skin and rectal thermistors were connected to an eight-cha
telethermometer (Zentemp 5000, Zencor Pty. Ltd., Australia.). Temperatures were recorded
manually at rest, and thereafter at 5-min intervals up to the end of exercise.
Mean skin temperature ( T sk) was calculated according to Ramanathan (1964):
T

sk

= OJOVhest + Tieft arm) + 0.2(Tieft ,high + TfcB leg)3 Equation 3.3

Mean body temperature (Tb) was calculated according to the temperature of the surrounding
medium. Thus, for cold, warm and hot conditions, respectively:
Tb = Tre x 0.67 + Tsic x 0.33 (cold; Bittel, 1987) Equation 3.4
f b = Trcx 0.79 + f

sk

x 0.21 (warm; Bittel, 1987) Equation 3.5

f b = Tre x 0.89 + fsk x 0.11 (hot; Snellen, 1966). Equation 3.6

The body heat storage (S) for each condition was calculated as: S = C x mx (AT b+ AT) -r AD
(Holmer era/., 1989; Lee and Haymes, 1995) Equation3.7
Where:
C = the specific heat capacity of the body tissue (0.97 W-kg");
m = the mean body mass during exercise (kg);
ATb = the change (A) inTt, from the beginning to the end of exercise;
At = the time from the beginning to the end of exercise;
AD - the body surface area (m2; DuBois and DuBois, 1916).
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3.2.10 Respiratory gas analysis
Data from expired gases were sampled continuously for the determination of flow, oxygen
consumption and, carbon dioxide production. Subjects breathed through a hand held Hans
Rudolph two-way valve (dead space 115 ml) with expired air passed to an automated system

(Exerstress, Clinical Engineering Solutions, Sydney, Australia.) by low resistance tubing. Th
system was interfaced with oxygen and carbon dioxide analysers (P.K. Morgan Ltd., Kent,
England). Mixed expired air was continuously monitored for fractions of oxygen and carbon
dioxide. Both gas analysers were calibrated before and after each exercise trial with gases
known composition. Ventilation was measured using a pneumotachograph (model 3813, Hans
Rudolph Inc., Kansas City. MO.) calibrated with a 3-L syringe prior to each exercise trial.
During gas collection, the mouthpiece was positioned for approximately 3 min, with the
respiratory data measured from the final minute of expired gas.

3.2.11 Blood lactate concentration
Blood lactate concentration was measured by an Accusport lactate analyzer (Boehringer
Mannheim, Germany) from a fingerprick blood sample. The accusport was calibrated with
known standards (1 and 4 mmol-L'1; Boehringer Mannheim, Germany) before each trial.

Between a blood lactate concentration of 1.0 and 15 mmol-L" , the accuracy and linearity of t
Accusport versus standard enzymatic methods was r = 0.98 and r = 0.99, respectively (Fell et
al., 1994).

3.2.12 Total body sweating
Nude body mass was measured to the nearest 10 g before exercise or water immersion, and
after each running trial. The difference in body mass was then used to determine total body

' Using a Pearson Product correlation, the association between T s k derived from four and eight skin sites during
exercise in the heat was r = 0.97 (P < 0.001; n = 12).
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sweating (Lh" ), after correcting forfluidingestion.

3.2.13 Cardiac frequency
Cardiac frequency was recorded using a Polar-Sports Tester (Model P E 3000, Polar Electro,
SportTester, Finland) at rest, and at 5-min intervals during exercise.

3.2.14 Mass. height and skinfolds
Each subjects mass was measured using and electronic precision balance ( H W - 1 0 0 K A I , G E C ,
Avery Ltd., Australia) calibrated against k n o w n mass standards, and height was measured to
the nearest 0.1 c m using a stadiometer (Holtain Ltd., Britian). Skinfold measurements were
taken in triplicate at eight sites (see Table 3.1) using skinfold calipers (British Indicators Ltd.,
England), with the m e a n of each site to calculate total skinfold.

3.2.15 Psychophysical variables
Thermal comfort and the Rating of Perceived Exertion (RPE) were determined at 5-min
intervals throughout exercise from a seven-point scale described by Bedford, (1964), ranging
from 'much too warm' (7) to 'much too cool' (1), and using the Borg Scale (Borg, 1982),
respectively.

3.2.16 Statistical analysis
Analysis of variance (ANOVA),

with repeated measures on time, was used to determine main

effects (SPSS 8.0.0, S P S S Inc., N e w York, U S A ) . In the event of a significant result,

ANOVA

contrasts were used to determine specific differences. Differences in blood lactate
concentration, the change in body heat storage, and whole-body sweating between the precooled and non pre-cooled condition were determined using paired f-tests. Alpha was set at the
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0.05 level for analysis. All data are presented as means with standard errors of the means (±
S E M ) , unless otherwise indicated.

3.3 RESULTS
3.3.1 Body temperatures during pre-cooling
Seven subjects were pre-cooled for 60 min, and one subject for 45 min due to the onset of
strong, continuous shivering. The pre-immersion T re , T s k , and f b were 37.4 ± 0.2, 32.9 ±
0.2°C and 36.5 + 0.2°C, respectively. Sixty min water-immersion cooling did not evoke a

marked reduction in the pre-immersion T„ (37.4 versus 37.1 °C; P > 0.05; Fig. 3.1). In cont
significant treatment effects were observed for T & and Tb, which decreased to 27.4 ± 0.8°C
and 33.7 + 0.4°C respectively, after 60 min (n = 7;P< 0.05).

3.3.2 Exercise endurance
The principalfindingwas that after 25 and 30 min running in the pre-cooled condition, the
distance run was increased by 257 and 304 m respectively, compared to the non pre-cooled
condition [P < 0.05). This represents a 4.3 and 4.2% increase respectively, over the 20-25-min,
and the 30-35 min interval.

Of note, was the tendency for the distance to increase in the early stages of the performan
following pre-cooling. Even after 5 and 10 min, the distance run in the pre-cooled condition
was diverging from the non pre-cooled condition (13 m and 35 m , respectively; P> 0.05; Table
3.2). The runners maintained a higher average running speed throughout the 30-min trial in the
pre-cooled condition (14.8 versus 14.5 km-h"'). In addition, in the pre-cooled condition running
speed was greater during the last 10-min interval (15.1 km-h"'; Table 1). In contrast, the top
running speed in the non pre-cooled condition occurred after 15 min of running (14.6 km-h"'),
with a slightly slower pace thereafter.
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Immersion time (min)
Fig. 3.1. Rectal (o), mean body (A) and mean skin temperature (•),
pre-immersion, and during 60 min whole-body water immersion
pre-cooling. Data are mean values with standard errors of the means for
n = 8, except at 60 min, where n ~ 1. tSignificantly different to preimmersion (P < 0.05).
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Table 3.2. (A) The cumulative distance run and the average running speed at 5-min intervals
during the 30-min time trial, in the pre-cooled and (B) the non pre-cooled condition. (C) The
difference in the distance run, and the average running speed at each 5-min interval for the precooled versus the non pre-cooled condition.

Test

A ) distance (m)
speed (km-h" )

5 min

10 min

15 min

20 min

25 min

30 min

1193(33)

2454 (76)

3737(117)

4977 (132)

6294 (159)1

7556(171)1

15.1 (0.38)

15.1 (0.44)

14.3 (0.41) 14.7 (0.48) 14.9 (0.51) 14.9 (0.43)

B ) distance (m) 1180(47)
speed (km-h" )

3643(115)

4854 (134)

6037 (147)

7252 (162)

14.1 (0.62) 14.5 (0.52) 14.6(0.43)

2419 (85)

14.5 (0.40)

14.5 (0.34)

14.5 (0.32)

C ) pre-cooled non pre-cooled
distance (m)
1

speed (km-h" )

13

35

84

123

257

304

0.2

0.2

0.3

0.4

0.6

0.6

Data are mean values with the standard errors of the means in parentheses for n ~ 8.
tSignificantly different to the non-pre-cooled condition (P < 0.05).
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3.3.3 Thermoregulatory responses during exercise

The changes in Tre, T st and T b throughout exercise are shown in Fig. 3.2. Afterdrop evoked a
further decrease in T„ post-immersion (0.4°C) hence, the pre-immersion T„ was reduced by
0.7°C at the commencement of exercise (37.4° versus 36.7°C; P < 0.05; Fig. 3.2A). This was
also lower than the non pre-cooled T„ at the commencement of exercise by 0.7°C (P < 0.05).
Throughout exercise in the pre-cooled condition, the T„ averaged from all the 5-min interval
measurements, was reduced by 0.8°C compared to the non pre-cooled condition. Rectal
temperature reached 39.0 + 0.2 and 39.7 ±0.1°C respectively, at the completion of exercise

the pre-cooled and the non pre-cooled condition (P < 0.05). Of note, was the Tre at 25 and 30
min, which exceeded 39.0°C during exercise without pre-cooling (Fig. 3.3). This temperature
range coincides with the "critical limiting temperatures", which have been proposed by

previous investigators (Section 3.1.1). It is interesting to note that when Tre exceeded 39°C
the non pre-cooled condition, the running distance was significantly reduced when compared
the pre-cooled condition (Fig. 3.3).

Water immersion cooling resulted in a 5.9°C reduction in Tsk at the commencement of

exercise (34.7 + 0.2 versus 28.8 ± 0.6°C; P < 0.05; Fig, 3.2B). The f sk averaged from all th
5-min interval measurements during exercise, was lower in the pre-cooled condition by 2.7°C

(P < 0.05). Moreover, at the end of exercise, the pre-cooling T sk remained lower than the no

pre-cooled condition (34.3 ± 0.4 versus 35.6 ± 0.2°C; P < 0.05). A marked reduction in T b at
the commencement of exercise in the pre-cooled condition (35.9 ±0.1 versus 37.1 ± 0.04°C; P
< 0.05) was maintained throughout exercise (average decrease over 35 min = 1.2°C; P < 0.05).

At the end of exercise in the pre-cooled condition, T b remained lower than the non pre-coole
condition by 0.7°C (38.5 + 0.2 versus 39.2 ±0.2°C; P < 0.05; Fig. 3.2C).
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Fig. 3.2. (A) rectal (B) mean skin and (C) mean body temperature
during the 30-min running time trial in the pre-cooled, (o) and non precooled condition (•). Data are mean values with standard errors of the
means, (n = 8). tSignificantly different to the non pre-cooled condition
(P<0.05).
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Fig. 3.3. The difference in the distance run during the 30-min time trial for the precooled versus the non pre-cooled condition. S h o w n are the mean values at each 5-min
interval (n = 8). Also shown at each 5-min interval are the corresponding mean rectal
temperatures (n - 8; pre-cooled versus non pre-cooled). tSignificant difference in
both the distance ran and rectal temperature between the two conditions (P < 0.05).
Note that the distance run in the non-pre-cooled condition was reduced at times
corresponding with a rectal temperature in excess of 39°C.
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Water immersion had a pronounced effect on the T r c - T s k thermal gradient, evident by a 5.2°C
increase at the commencement of exercise in the pre-cooled condition (P < 0.05; Fig.3.4).
Moreover, during exercise, the T r e - T s k thermal gradient was increased following pre-cooling.
Thus, the Tre-Tsk thermal gradient averaged from all the 5-min interval measurements during
30 min of exercise was increased by 1.8°C, for the pre-cooled versus the non pre-cooled
condition (P < 0.05). It is evident from Fig. 3.4, that the increase in the T r e - T s k thermal
gradient was most pronounced during thefirst15 min of the performance test following precooling, which would greatly assist with heat loss. Whilst the T r e - T sk thermal gradient was not
significantly different during thefinal15 min of exercise (pre-cool, 4.6°C versus non pre-cool,
4.0°C; P > 0.05), this would still have afforded some advantage with heat loss in the pre-cooled
condition.

Pre-cooling had a significant impact on body heat storage. Thus, at the end of exercise, heat
storage increased from 144 + 11 W - m " 2 for non pre-cooled condition to 185 ± 14 W-m" 2 for the
pre-cooled condition (P < 0.05), representing a 2 3 % increase in heat storage following precooling.

3.3.4 Change in body mass
Total body sweating, estimated from the change in body mass, was not different between
conditions being 1.35 ± 0.29 and 1.28 ± 0.20 kg for the non pre-cooled and the pre-cooled
condition, respectively (P > 0.05).

3.3.5 Heart rate, oxygen consumption, and blood lactate concentration
Pre-cooling lowered the pre-exercise fc compared to the non pre-cooled condition (82 + 5
versus 62 ± 3 beats-min"1; P < 0.05). Following pre-cooling, f remained lower during exercise
at 5 and 10 min (5-7%; P < 0.05), with a similar /c for the two conditions throughout the
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Fig. 3.4. The rectal temperature to mean skin temperature thermal gradient
during the 30 min running time trial in the pre-cooled (o) and non
pre-cooled condition (•). Data are mean values with the standard errors of
the means (n = 8). tSignificantly different to the non pre-cooled condition
(P < 0.05).
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remaining exercise (P > 0.05). At the end of exercise,/; approached near maximal levels for
both conditions (95-97% of maximal/ c ).

Altering T„ during exercise did not affect Vo2 (P < 0.05), which was 82 and 87% of V0j eak
respectively, after 10 and 20 min of exercise. Pre-cooling did have an effect on the R E R , which
was lower than the non pre-cooled condition after 10 min of exercise (0.94 ± 0.01 versus 0.99 +
0.02; P < 0.05). The difference in R E R for the two conditions was not evident after 20 min of
exercise (pre-cooling, 0.97 + 0.01 versus 0.99 + 0.02; P > 0.05). The pre-immersion blood
lactate concentrations for the pre-cooled and the non pre-cooled conditions were 0.8 ± 0.1 and
1.0 ± 0.1 mmol-L" , respectively (P > 0.05). However, pre-cooling and exercise significantly
increased the blood lactate concentration at the end of exercise (7.4 ± 0.9 mmol-L"') compared
to the non pre-cooled condition (4.9 + 0.5 mmol-L"'; P < 0.05).

3.3.6 Subjective Assessment of Thermal Comfort and RPE
Following pre-cooling, the thermal comfort assessment indicated that subjects felt significantly
cooler than for the non pre-cooled condition at the start of exercise, and at 5,10, and 15 min of
exercise (P < 0.05). However, the increased thermal comfort during exercise was not
accompanied by a reduced R P E , which was not different between conditions (P > 0.05).

3.4 DISCUSSION
This study was the first to investigate the effects of whole-body pre-cooling on exercise
performance in hot, humid conditions. In contrast to previous cold-air and cold-water precooling manoeuvres, a novel method of whole-body water immersion at moderate temperatures
was utilised. The primary finding of this study was that whole-body pre-cooling improves
exercise endurance in a hot, humid environment, evident by an increase of 304 m for a 30-min
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running time trial. Moreover, the increased endurance following pre-cooling was associated

with reduced thermoregulatory and cardiovascular strain, whilst S was increased. The results of
this study extend previous findings that exercise endurance is increased at Ta 18-24°C
following whole-body pre-cooling (Schmidt and Briick, 1981; Hessemer et al, 1984;
Olschewski and Briick, 1988; Lee and Haymes, 1995).

In contrast to previous studies, which utilised rewarming periods to permit thermoregulatory
and cardiovascular adjustments prior to ensuing exercise, in this study the subjects commenced
exercise within 3 min after the completion of water immersion pre-cooling. It is worth noting

that several subjects reported a marked sensation of leg 'stiffness' on leaving the water bath.
Whilst water immersion pre-cooling does not evoke profound cardiovascular and respiratory
responses (Marino and Booth, 1998), its effect on several other variables which might
determine performance is unclear. For example, water immersion pre-cooling could increase
muscle and connective tissue stiffness, and reduce joint mobility and muscle blood flow.
However, the magnitude of these responses might not have been marked following water-

immersion pre-cooling, as exercise intensity was not reduced at the onset of exercise, compared
to the non pre-cooled condition. Indeed, during the early stages of the performance test, the

distance run was slightly greater in the pre-cooled condition (Table 3.2). This Finding indica
that following pre-cooling at moderate water temperatures, the physiological adjustments
required before exercise can be optimally performed at 80-90% Vo2peak> might be small.
However, it remains to be determined if this is also the case for activities demanding near
maximal or maximal effort from the onset (e.g. upwards 95% Vo2peak)-
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3.4.1 Mechanisms for the increased exercise endurance in the heat following pre-cooling
In part, the increased endurance in the pre-cooled condition might be associated with the
greater thermal comfort increasing the "motivation" or "drive" to exercise. Stated simply,
subjects felt cooler and hence, were inclined to run faster. In the pre-cooled condition, the
increased thermal comfort Would be an integrated response to several adjustments, including an
attenuated core, muscle, and skin temperature and a reduction in cutaneous blood flow (Gagge
et al., 1969; Hensel, 1981). However, following pre-cooling, the most pronounced increase in
the distance run occurred after 25 and 30 min when thermal comfort was not different for the
two conditions, but at which times, Tre had exceeded 39°C in the non pre-cooled condition (Fig.
3.3). Several investigators have proposed that endurance is limited by core and Tm in excess of
39°C (MacDougall et al, 1974; Gonzalez-Alonso et al, 1999). In line with this, it can be

speculated that in the pre-cooled condition, Tre did not exceed a critical level, which could l
exercise endurance.

The findings of this study provide evidence for the thermoregulatory benefits of whole-body
pre-cooling during exercise in a hot, humid environment. Following pre-cooling Tre, T sk> and
Tb were markedly lower during exercise, indicating less thermoregulatory strain for the same
or a greater amount of work completed. The reduced thermoregulatory strain could in part, be
accounted for by the greater body heat storage noted in the pre-cooled condition during
exercise (185 versus 144 W-m"2). The increased heat storage would permit a greater margin for
metabolic heat production such that, thermoregulatory and cardiovascular functions were not
compromised to the same extent as in the non pre-cooled condition. In a previous study, cold
air pre-cooling also increased heat storage from 119 to 144 W-m"2, for males running to
exhaustion at 82% V0 „eak

and T

a 24°C (Lee and Haymes, 1995). In part, the greater heat
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storage noted in the present study, following pre-cooling, can be attributed to the larger
environmental heat load. It might also be explained by the method of pre-cooling by water
immersion, which could evoke greater reductions in body heat content than cold air pre-cooling
(Marino and Booth, 1998). The lower body heat content following water immersion precooling permitting greater heat storage during subsequent exercise.

Pre-cooling decreased the/c at the start of exercise, and at 5 and 10-min exercise. In part, th
might be associated with an increase in peripheral vasoconstriction at the commencement of
exercise (Kenney and Johnson, 1992), being augmented by an increase in venoconstriction and

vasoconstriction following pre-cooling. In addition, pre-cooling significantly increased the T

to T sk thermal gradient during the first 10 min of exercise, thus permitting greater conductive
heat loss. The aforementioned responses would necessitate less peripheral blood flow during
the early stages of exercise with an enhanced venous return. The redistribution of blood flow
might he expected to augment central blood volume and cardiac filling, leading to a greater
stroke volume and hence, reducing fc. These responses have been previously documented
during exercise as function of lower Tsk (Rowell et al, 1966; Nadel et al, 1979). In a recent
investigation (Gonzalez-Alonso et al, 1999), whole-body pre-cooling decreased Tei by about
1.5°C, with a four-fold decrease in forearm blood flow and a 15% increase in stroke volume.
These findings are partly supported by recent data from this laboratory (MacDonald et al,
1999), where whole-body pre-cooling at moderate water temperatures markedly reduced
forearm skin blood flow,/c and Q in males during 35 min of cycling at 60% Vo2.peak

anQ T

a

35°C. From these data, we concluded that following pre-cooling, the intramuscular and
cutaneous vascular beds may compete less for the available blood volume, permitting both f
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and Q to be lower. Indeed, these data further support the notion that pre-cooling can increase
circulatory efficiency, with a marked reduction in cardiovascular strain.

Whilst pre-cooling decreases total body sweating during exercise at T, 20-24°C (Hessemer et
al, 1984; Lee and Haymes, 1995), it did not decrease total body sweating following the 30-min
run in the heat. This might be explained by the amount of heat that must be lost through
evaporation of sweat being largely determined by the metabolic heat production (V0 ) and the
environmental heat load (Nielsen, 1996). While T sk remained lower throughout the majority of
the run, the rapid increase during exercise, particularly in thefirst10 min (Fig. 3.2B), indicates
that heat gain from the environment was high. This, plus the greater work output during the non
pre-cooled trial, might have negated any reduction in the sweating response.

3.4.2 Could the increased exercise endurance following pre-cooling have metabolic
origins?
The effect of whole-body pre-cooling on exercise metabolism in humans has not been
investigated. In the present study, Vo2 measured after 10 and 20 min, when the distance run

was not significantly different between conditions, was not altered following pre-cooling. Th

supports recent investigations also showing that Vo2 during exercise in the heat is not altered
by whole-body pre-cooling (Gonzalez-Alonso et al, 1999; Kay et al, 1999). Of note, however,
was the influence that pre-cooling had on the R E R , which was lower than the non pre-cooled
condition after 10 min of running. In a like manner, Lee and Haymes, (1995) reported a
reduced RER in pre-cooled males after 15 min of running at 80% Vo2peak- These data might
indicate that whole-body pre-cooling could influence muscle substrate metabolism. Further
indirect support for this notion, is the finding that muscle glycogen utilisation and muscle

73

lactate accumulation were decreased w h e n the exercise-induced rise in tissue temperature was
attenuated during prolonged exercise in a moderate, as opposed to a hot environment (Febbraio
et al, 1994ab; Parkin et al, 1999). Moreover, whilst the blood lactate concentration will be
determined by several factors influencing the rate of lactate appearance and removal, an
elevated blood lactate concentration during exercise and hyperthermia has been used as a crude
indication that muscle glycolysis is accelerated (Dimri et al, 1980; MacDougall et al, 1974).

In the present study, the blood lactate concentration at the end of exercise was increased in th

pre-cooled condition. Most likely, this was associated with the greater work output at 25 and 30
min in the pre-cooled condition. However, during exhaustive exercise at 70-80% V0Deak,
whole-body pre-cooling increased endurance but not the blood lactate concentration (GonzalezAlonso et al, 1999; Lee and Haymes, 1995). Moreover, in an earlier study, the blood lactate
concentration was decreased despite an increase in endurance for a 60-min cycling time trial

following pre-cooling (Hessermer et al, 1984). Given these data, it could be speculated that the
increased exercise endurance following pre-cooling, might in part, be associated with altered
muscle metabolism, through a marked reduction in tissue temperature.

3.4.3 Summary
In summary, whole-body water immersion pre-cooling increased the distance run in 30 min for
eight runners in hot, humid conditions. Moreover, pre-cooling had a marked influence on
several physiological variables, which could determine endurance. Pre-cooling reduced Tre,
Tsk, and_/c during combined exercise and heat stress and permitted a greater rate body heat
storage such that, thermoregulatory and cardiovascular strain were reduced. Further, runners

felt cooler during the earlier stages of exercise and performed more work without an increase in
RPE.
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In addition, the marked reduction in tissue temperature following whole-body pre-cooling could
influence muscle metabolism, partly explaining the increased endurance noted during exercise
in a hot, humid environment. This hypothesis is investigated in Chapter 4.
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CHAPTER FOUR: WHOLE-BODY PRE-COOLING AND PRE-HEATING: EFFECT
ON MUSCLE METABOLISM DURING EXERCISE IN HOT. HUMID CONDITIONS
4 t INTRODUCTION
During exercise in a hot environment, the pronounced increase in core (Tc) and muscle
temperature (Tm) evokes several metabolic pertubations that could limit exercise endurance.
For example, high Tm during exercise can increase the rate of adenosine triphosphate (ATP)
utilisation, with a greater reliance on anaerobic glycolysis to meet the increased energy
demands (Edwards el al, 1972; Kozlowski et al, 1985). Moreover, high tissue temperature
might also affect the choice of muscle substrate, by augmenting glycogenosis and inhibiting
lipolysis (Fink et al, 1975). Accordingly, when the rise in Tc and Tm is attenuated during
exercise in a cool, as opposed to a hot environment, the metabolic adjustments are less
pronounced and exercise endurance is increased (Parkin et al, 1999). In a similar manner,

endurance is increased following whole-body pre-cooling to attenuate the exercise-induced rise
in Tc during exercise in a hot environment (Booth et al, 1997a; Gonzalez-Alonso et al, 1999).
In this situation, the increased exercise endurance has been attributed to decreased
thermoregulatory and cardiovascular strain (Booth et al, 1997a; Gonzalez-Alonso et al, 1999;
MacDonald et al, 1999).

In part, the increased endurance following whole-body pre-cooling could be associated with
altered exercise metabolism, due to the lower Tc and Tm. In a pre-cooled condition, the
metabolic adjustments could possibly be less pronounced, with a decreased rate of
glycogenosis and glycolysis, and a greater reliance on lipid oxidation. Applying the same
logic, increasing Tc and Tm by whole-body pre-heating could evoke greater metabolic changes
during exercise and heat stress. Typical responses might include an increased rate of muscle
glycogen utilisation and muscle lactate accumulation, whilst high-energy phosphate

degradation might be increased. Given the paucity of data related to these metabolic changes,
this study examined the influence of whole-body pre-cooling and pre-heating on muscle
metabolism during prolonged exercise in a hot, humid environment.

4.1.1 The effect of exercise hyperthermia on metabolism
4.1.1.1 Whole-body metabolism: oxygen uptake and the respiratory exchange ratio
Despite considerable conjecture regarding the effect of hyperthermia on oxygen consumption
(Vo2) during prolonged exercise (Rowell et al, 1969; MacDougall et al, 1974; Dimri et al,
1980), the magnitudes of the reported changes are small (80-130 ml-min"'; see Section 3.1.2).
The effect of exercise and acute heat stress on the respiratory exchange ratio (RER) is also
unclear. S o m e studies report an increase in the R E R during exercise and acute heat stress,
consistent with the hypothesis that carbohydrate oxidation is augmented (Powers el al, 1982;
Young et al, 1985; Febbraio et al, 1996a, Hargreaves et al, 1996a). However, there are also
studies where the R E R was unchanged (Smolander et al, 1986; Young et al, 1995), or
decreased (Febbraio et al, 1996b) during prolonged exercise and hyperthermia. These
conflicting data could reflect the limitations of using the R E R to assess metabolism during
exercise in thermally challenging environments. For example, despite a higher R E R during
40 min of cycling in cold air (3°C), as opposed to a moderate air temperature (20°C), muscle
glycogen utilisation was 3 8 % less in the cold (Febbraio et al, 1996b). In addition, 30 min of
cycling at 70% of peak aerobic power (V02pCak) in a hot, as opposed to a moderate
environment, evoked a higher RER whilst the rate of muscle glycogen utilisation was
unchanged (Young et al, 1985).

4.1.1.2 Plasma substrates and metabolites
There is less conjecture concerning the effect of acute heat stress on plasma, rather than
respiratory, markers of substrate metabolism. A n increase in blood glucose and blood lactate
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concentration during exercise and heat stress is well documented (Rowell et at., 1968; Fink et

at., 1975;

Har~eaves

et ai., 1996a). In hot conditions, the increased blood glucose

concentration has been attributed to greater glucose release from the liver (Rowell et at., 1968).
Yet, despite the elevated blood glucose concentration, muscle glucose uptake does not appear
to be greater during exercise in the heat (Nielsen et aI., 1990; Hargreaves et at., 1996a). Thus,
the increased blood glucose concentration appears to have little beneficial metabolic role. A
higher blood lactate concentration routinely observed during exercise and acute heat stress
(MacDougall et at., 1974; Fink et at., 1975; Dimri et aI., 1980), is thought to reflect a
accelerated glycogenolytic and glycolytic rate. However, the increased blood lactate
concentration could also be due to other factors, including a reduced hepatic removal of lactate,
an increased efflux of lactate from active muscle or a decreased uptake of lactate by the heart
and inactive skeletal muscle. Nevertheless, the above mentioned plasma metabolite responses,
along with reported increases in the RER, are the basis for the popular belief that carbohydrate
oxidation is increased during exercise in the heat. Moreover, the combined effect of an increase
in the plasma glucose and lactate concentrations could be to restrict substrate choice by
inhibiting lipolysis (Nurjhan et at., 1986; Martin et aI., 1993). Whilst this notion is not
supported by a similar plasma free fatty acid (FFA) concentration during 45-60 min of exercise
in a cool and hot environment (Fink et aZ., 1975; Nielsen et at., 1990), there is little direct data
to support or refute this notion.

4.1.1.3 Muscle substrates and metabolites

There must be caution when inferring metabolic effects solely from hematological data. A
number of studies have used the muscle biopsy technique to examine the relationship between
body temperature and muscle metabolism during exercise in the heat. In these studies, the
combination of exercise and acute heat stress were shown to augment glycogen utilisation
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(Fink et al, 1975; Kozlowski et al, 1985; Febbraio et al, 1994a,b). In the landmark study by
Fink et al, (1975), 45 min of cycling at 70-80% V0jM in a hot, as opposed to a cold
environment, was associated with a two-fold increase in vastus lateralis glycogen utilisation.
This is supported by the more recent finding of a 20-30% increase in muscle glycogen usage in
human vastus lateralis during 40 min of cycling at 70% V o2pCak at an air temperature of 40° as
opposed to 20°C (Febbraio et al, 1994a,b). In addition, Parkin et al, (1999) demonstrated that
despite a significantly shorter time to exhaustion during exercise at 70% Vo2Peak in a hot (30
min) versus a cold environment (87 min), the rate of glycogen utilisation was increased (about
6 versus 4 mmol glucosyl unitskg'-min"'). However, not all studies report that muscle
glyogenolysis is accelerated during exercise hyperthermia (Young et al, 1985; Nielsen et al,
1993; Yaspelkis et al, 1993). Given these conflicting results, the effect that exercise and
hyperthermia has on muscle glycogen utilisation was investigated in the present study.

Only one study (Fink et al, 1975) has investigated the influence of exercise and acute heat
stress on lipid metabolism, by measuring plasma FFA concentration and muscle triglyceride
usage. Despite equivalent plasma FFA concentrations throughout exercise in the hot and cold
environment, hyperthermia reduced muscle triglyceride utilisation by 50% (Fink et al, 1975).
In line with this observation, the authors suggested that hyperthermia could impede lipolysis
through a reduction in muscle triglyceride utilisation, despite the unchanged plasma FFA

concentration. However, this data must be interpreted with caution due to the small sample size
(n = 4) and an absolute change in the resting muscle triglyceride concentration of around 1-2
mmoles-kg wet wt"'. More recent data indicates that a change of this magnitude would be
difficult to detect, due to considerable variation when measuring muscle triglyceride content
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from biopsy samples (Wendling et al, 1999). Given the uncertainly surrounding the effect of
hyperthermia on lipid oxidation, this issue was investigated in the present study.

4.1.1.4 Possible mechanisms for an increase in carbohydrate oxidation
4.1.1.4.1 Increased muscle temperature
One possibility is that during exercise hyperthermia, substrate metabolism might be influenced
by the marked rise in T m . This idea is supported by a reduced rate of muscle glycogen
utilisation and lactate accumulation w h e n the rise in T m is attenuated during prolonged exercise
in a moderate, as opposed to a hot environment (Febbraio et al, 1994a,b; Parkin et al, 1999).
Moreover, localised heating which elevated T m by 2°C in the resting vastus lateralis, without
altering T e , augmented glyogenolysis and glycolyis during the subsequent bout of supramaximal cycling exercise (Febbraio et al, 1996a). The end of exercise T m in the pre-heated
condition was greater than the non-preheated T m by 0.6°C, yet T c was similar for the two
conditions. Hence, the authors proposed that the higher T m directly increased muscle
glycogenolysis and glycolysis (Febbraio et al, 1996a). The recent finding that muscle glycogen
utilisation was increased (about 2 0 % ) following 20 min of exercise in a pre-heated versus a
pre-cooled limb, further supports a direct influence of T m on muscle glycogenolysis (Starkie et
al, 1999). In addition, torso cooling to lower T c and T m also reduced the glycogenolytic and
glycolytic rates in canines during exhaustive running (Kozlowski et al, 1985),

Several mechanisms have been proposed to explain the increased muscle glycogenolysis at
high T m . Edwards et al, (1972), proposed that high T m (in excess of 39°C) could impair crossbridge cycling during sustained contractions, with a greater rate of A T P utilisation for the same
tension to that evoked at lower T m . A s the concentration of several glycolytic intermediates
where elevated at high T m , a greater energy contribution through glycolysis was proposed as
the mechanism for the increased A T P turnover rate (Edwards et al, 1972). Alternately, high T m
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could increase the activity of key enzymes involved in carbohydrate oxidation, including
glycogen phosphorylase, phosphofractokinase (PFK), lactate dehydrogenase (LDH) and

pyruvate dehydrogenase (PDH), via a Qio effect (the increase in enzyme activity for every 10°

change in temperature). Indeed, a reduced concentration of fructose 6-phosphate (fructose 6-P
the immediate substrate prior to the PFK reaction, occurred when Tm was elevated during

prolonged exercise in canines (Kozlowski et al, 1985). In this study, the authors concluded t
the decreased fructose 6-P concentration indicated a QI0 effect of Tm augmenting PFK activity
and hence, increasing muscle glyogenolysis. Thus, it can be speculated that during prolonged
exercise and hyperthermia in humans, an increase in muscle glycogen utilisation might result
from a Qio effect of elevated Tm augmenting the activity of enzymes involved in glycolysis.
However, the influence that prolonged exercise combined with acute heat stress has on
glycolytic intermediate concentrations in human muscle is unknown and thus, this issue was
addressed in the present study.

The activity of enzymes involved in carbohydrate oxidation might also be affected by changes

in the concentration of intracellular enzyme modulators. For instance, exercise and acute hea
stress could increase the muscle ammonia (NH3) and ionosine 5'-monophosphate (IMP)

concentrations (Parkin et al, 1999), both of which are known activators of phosyphorylase and
PFK (Chasiotis et al, 1982; Ren and Hultman, 1989). Furthermore, vastus lateralis Tm can
sometimes exceed 40°C in well-trained humans during exercise in the heat (Febbraio et al,
1994a,b; Parkin et al, 1999). Such temperatures could impede mitochondrial function by
decreasing phosphorylative efficiency (Brooks et al, 1971). Accordingly, the ratio between
adenosine diphosphate (ADP) and mitochondrial V02 decreased in a linear manner when the
Tn exceeded 40°C (Brooks et al, 1971). In the situation where mitochondrial function is
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impaired, a precipitous increase in the glycogenolytic and glycolytic processes might be
expected.

4.1.1.4.2 Increased circulating noradrenaline and adrenaline concentrations
During exercise hyperthermia, an increased sympathoadrenal response might also augment the
rate of glycogen utilisation. It is well established that plasma noradrenaline and adrenaline
concentrations are elevated during exercise and heat stress (Powers et al, 1982; Febbraio et al,
1994a; Hargreaves et al, 1996a; Brenner et al, 1997). Prolonged exercise in a hot, as opposed
to a cold environment, resulted in a two-fold greater increase in the plasma noradrenaline and
adrenaline concentrations (Febbraio et al, 1994a; Hargreaves et al, 1996a; Nielsen et al.,
1990). Generally, heat stress and exercise has the more profound effect on noradrenaline, it in
turn, has a greater role in cardiovascular regulation. Furthermore, a lower exercise intensity is
required to elicit a substantial increase in noradrenaline (less than 50% of Vo2pelk; Butland,
1985; Kjaer et al, 1985) compared to adrenaline (greater than 70% V02Peak; Lewis et al, 1983;
Seals et al, 1988). Whilst catecholamines are potent stimulators of lipolysis, the glycogenolytic
effect of adrenaline is also well documented (Lundholm and Svedmyr, 1965; Jansson, et al,
1986; Febbraio et al, 1998). Moreover, during exercise and hyperthermia in humans, the
augmented plasma adrenaline response has been proposed as a primary mechanism for the
increased rate of muscle glycogen utilisation (Febbraio et al, 1994a; Febbraio et al, 1996a;
Hargreaves et al, 1996b). Whilst the mechanisms by which adrenaline might increase
glycogenolysis are not fully resolved, it could influence the two key enzymes determining
muscle glycogen status. A n elevated piasma adrenaline concentration might reduce glycogen
synthase I activity (Chasiotis et al, 1983) or accelerate the conversion of glycogen
phosyphorylase b to the active phosphorylase a form (Richter et al, 1982; Ren and Hultman,
1990). Indeed, an increased glycogenolytic rate due to adrenaline induced conversion of
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glycogen phosyphorylase b its active form has considerable experimental support. However,
several studies have shown that during prolonged exercise at 65-80% Vo2Peak, physiological
infusions of adrenaline do not enhance muscle glycogenolysis (Chesley et al. 1995; Wendling
et al. 1996). In these situations, it has been proposed that the catalytic activity of the
phosphorylase a portion is dependent on exercise induced alterations to muscle high-energy
phosphate metabolism, including increases in the concentration of inorganic phosphate (P,),
A D P , adenosine monophosphate ( A M P ) and I M P (Ren and Hultman, 1990; Chesley et al,
1995; Wendling et al, 1996). However, 40 min of exercise at 70% V0;F* in a hot, as opposed
to a moderate environment, increased both the plasma adrenaline concentration and muscle
glycogen utilisation, in the absence of marked alterations to the high-energy phosphates or the
intracellular milieu (Febbraio et al, 1994a,b). Thus, in the absence of strong intracellular
metabolic adjustments an adrenaline-induced increase in glycogenolysis could be possible.
Given the possible metabolic effects evoked by an increase in plasma catecholamines, plasma
noradrenaline and adrenaline concentrations were determined in the present study.

4.1.1.4.3 Reduced muscle blood flow
It has been proposed on several occasions that exercise hyperthermia could reduce muscle
blood flow hence, accelerating glycolysis by a reduced delivery of blood-borne substrates to,
and causing hypoxia in, the working muscle (Rowell, 1974; Fink et al, 1975; King et al,
1985). However, this is unlikely to eventuate, unless central blood volume is substantially
reduced by dehydration (e.g. 4 % change in body mass; see Section 3.12).

4.1.2 The effect of local changes in muscle temperature on muscle phosphate metabolism
Only a few studies have examined the effect that an elevated T m has on muscle metabolites
during exercise. In a landmark study by Edwards et al, (1972), the influence of a pre-exercise
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manipulation of T m on endurance and muscle metabolites was investigated. They examined the
effect of repeated isometric contractions of the quadriceps muscle at an initial Tm of 22.5°,
32.6°, and 38.6°C. The higher Tm reduced endurance, whilst the rates of ATP and CrP
utilisation were more pronounced. More recently, Febbraio et al, (1994b) examined the effect
that 40 min of cycling at 70% VolJt4 has on muscle metabolism in a hot versus a moderatetemperature environment. They found that a marked increase in Tc and Tm in the hot
environment had no effect on the total adenine nucleotide concentrations (total adenine
nucleotides concentration ([TAN]) = ATP + ADP + AMP), whilst CrP hydrolysis and muscle
lactate accumulation were increased. The authors proposed that exercise and acute heat stress
might require a greater rate of ATP utilisation, with ATP levels being maintained by an

increased CrP hydrolysis and the anaerobic glycolytic rate to prevent a reduction in the [TAN]
Of note, was the finding that the muscle IMP and NH3 concentrations were increased during
hyperthermic exercise without any change in the [TAN] (Febbraio et al, 1994b; Parkin et al,

1999). These data could indicate that during hyperthermia, the pattern of substrate metabolism
is altered to include amino acid catabolism (Graham and Maclean, 1992).

In contrast to the human studies, more severe metabolic pertubations have been observed in
canines performing exhaustive running, where higher Tc and Tm, increased ATP and CrP
utilisation, and lowered the ATP/ADP ratio (Kozlowski et al, 1985). The differences in the

metabolic strain imposed by the aforementioned studies could, in part, be due to the different

exercise protocols since Edwards et al, (1972) employed repeated isometric contractions, whil

Kozlowski et al, (1985) utilised exhaustive running exercise. Both of these protocols might be
expected to evoke more pronounced fatigue and metabolic adjustments than would 40 min of
cycling at 70% V02Peak (Febbraio et al, 1994b).
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4.1.3 Altered muscle metabolism during prolonged exercise in the heat: its role in fatigue
It is uncertain whether an increased glycogenolytic rate would limit exercise endurance in a hot
environment. The finding that muscle glycogen stores still remain substantial, and can exceed
300 mmol-kg dry wt"1, following exhaustive exercise in the heat (Nielsen et al, 1990), indicates
that carbohydrate availability might not limit exercise endurance in hot conditions.
Furthermore, endurance

in

a

hot

environment

is not increased

by

carbohydrate

supplementation, which supports this concept (Febbraio et al, 1996b). It should be noted
however, that these findings are based on measurements of glycogen from the bulk space,
which m a y not reflect changes occurring in local compartmentalised areas of the muscle fiber
(Han et al, 1992). For example, preferential depletion of glycogen stores surrounding the
sarcoplasmic reticulum, has been demonstrated in h u m a n vastus lateralis muscle during
prolonged exercise (Friden et al, 1989) and whilst speculative, this response could be
exacerbated during hyperthermia. This event could have a deleterious effect on muscle
contractile function by impairing processes dependent on localised muscle glycogen stores,
such as sarcoplasmic reticulum function (Booth et al, 1997). Nevertheless, this concept
remains speculative and definitive data to support a relationship between carbohydrate
availability and endurance during exercise and acute heat stress is lacking.

During hyperthermic exercise, greater muscle lactate accumulation would be associated with a
transient increase in myoplasmic hydrogen ion concentration, or decreased intracellular p H ,
which could reduce force production by impairing cross-bridge cycling (Sahlin, 1978; Metzger
et al, 1989). Cross-bridge cycling could also be impaired by an increase in Pj concentration, as
the rate of CrP hydrolysis is accelerated (Febbraio et al, 1994b; Parkin et al, 1999). However,
it is unlikely that a decrease in CrP would directly limit endurance, unless its depletion reduced
A T P resynthesis. This is unlikely during prolonged submaximal exercise. Whilst there is no
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direct evidence indicating that elevated muscle IMP concentration mediates fatigue, it has been
proposed that an ~ncrease in plasma NH3 could promote central fatigue by impairing motor unit
activation (Mans et ai., 1983).

4.1.4 The effect of whole-body pre-cooling and pre-heating on muscle metabolism
No direct measurements of muscle metabolism have been performed during exercise in a hot
environment preceded by whole-body pre-cooling or pre-heating. There is indirect evidence for
metabolic effects, whereby whole-body pre-cooling can lower the RER (Lee and Haymes,
1995, Booth et ai., 1997; see Section 3.4.2) and attenuate the increase in blood lactate
accumulation during subsequent exercise (Hessemer et at., 1984; Lee and Haymes, 1995). In
theory, whole-body pre-cooling might reduce carbohydrate oxidation and muscle lactate
production, with a greater reliance on lipid oxidation during exercise in the heat. In support of
this, muscle glycogenolysis, glycolysis and ATP utilisation were reduced in dogs during
prolonged exhaustive exercise when Tc and T m were attenuated by continuous trunk cooling
(Kozlowski et at., 1985). Moreover, the rate of muscle glycogenolysis in human vastus

tateralis was reduced following 20 min of cycling at 70% V O,peak in the pre-cooled compared
to the pre-heated limb (Starkie et at., 1999). Whilst speculative, whole-body pre-heating might
increase muscle glycogenolysis and glycolysis and impair lipolysis, with an enhanced rate of
CrP hydrolysis and ATP degradation during subsequent exercise in hot environment.

4.1.5 Summary
During prolonged exercise and hyperthermia, high Tc and Tm can evoke several metabolic
pertubations that could limit exercise endurance. Accordingly, muscle glycogenolyis and
glycolysis can be accelerated, NH3 production can increase, and muscle phosphate metabolism
could be impaired. Whilst there are limited data as to the effect of hyperthermic exercise on
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lipolysis, it could be impaired at high T c and T„. In contrast, w h e n the rise in T c and T „ is
attenuated during exercise in a moderate as opposed to a hot environment, the metabolic
adjustments are less marked. In like manner, decreasing T„ and T m by local muscle cooling also
reduces the extent of the metabolic changes observed during prolonged exercise and
hyperthermia. These observations lead to the hypothesis that lower T 0 and T „ following wholebody pre-cooling might also influence metabolism during subsequent exercise and heat stress.
The effect of pre-manipulation of T c and T „ on metabolism during exercise and heat stress has
not been systematically investigated. Hence, this study examines the effect of whole-body precooling and pre-heating on exercise metabolism during exercise in a hot environment.

4.2 METHODS
4.2.1 Overview
Nine healthy male subjects participated in this study as approved by the University of
Wollongong H u m a n Experimentation Ethics Committee. The characteristics of each subject are
listed in Table 4.1. Each subject received a subject information package, provided informed
consent and satisfactorily completed a medical history questionnaire, to confirm his suitability
to undertake strenuous exercise, before participating.

The subjects completed four experimental sessions. The first session involved a maximal
incremental exercise test to exhaustion on an electrically-braked cycle ergometer (Lode
Excalibur Sport, Groningen, Netherlands). Three submaximal exercise tests each lasting 35 min
followed with at least one w e e k between tests. Each test was preceded by whole-body water
immersion in cool, thermoneutral or hot water, using a balanced design.

The measurements made during the testing were: body temperature (oesophageal temperature
( T J as an index of T t , T m from the vastus lateralis); oxygen consumption; cardiac frequency:
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Table 4.1 Subject characteristics

Subject

Age
(yr)

Height
(cm)

Mass
(kg)

I8skf
(mm)

s1

25

175.5

81.51

S2

22

188.2

76.23

S3

19

170.9

s4

19

s5

Vo,.E>eak
(ml-kg'-min"1)

Max/C
(beats-min"')

124

47.0

179

77

58.5

186

63.32

67

62.2

185

176.8

57.81

43

48.3

183

19

177.0

75.26

65

61.1

189

s6

25

174.2

75.12

69

57.3

184

s7

19

183.2

85.23

73

59.6

185

s8

22

179.2

71.12

63

67.2

179

s9

20

199.2

90.62

105

45.3

181

Mean

21.1

180.4

75.14

76.2

56.3

183

SD

2.5

8.7

10.24

24.1

7.6

3

Abbreviations: 18skf = sum of eight skinfold sites (biceps, triceps, subscapular,rnidaxillary,
suprailiac, abdominal, thigh, and calf skinfold thickness); V o2Peak = the peak oxygen uptake;
/c = cardiac frequency; S D = standard deviation.
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plasma metabolite concentrations (lactate, glucose, F F A and N H 3 ) ; plasma catecholamine
concentrations (adrenaline and noradrenaline); muscle substrate concentrations (glycogen and
triglyceride); muscle metabolite concentrations (ATP, CrP, creatine, glucose, glucose 1phosphate (glucose 1-P), glucose 6-phosphate (glucose 6-P); fructose 6-P, and lactate); and the
change in body mass was corrected for urine output and water intake.

4.2.2 Procedures
4.2.2.1 M a x i m a l aerobic power test
The maximal aerobic power (V 0 2 p e a k) of each subject was determined using a ramp exercise
protocol to volitional exhaustion on an electrically-braked cycle ergometer. The V02peak data
were used to calculate the workload for the heat stress using the formulae: 60% Vo2peak = 0.50
x W p e l k (Osbome et al, 1994). W o r k rate increments of 3 W every 5 s, beginning at 30 W
(room temperature 21-24°C). Verbal encouragement to maintain each work level was given to
all subjects during testing. Expired gases were sampled continuously to determine tidal volume
and minute ventilation and the fractional concentrations of oxygen and carbon dioxide (Sensor
Medics 2900, California USA). These data were sampled at 20-s intervals to determine Vo2.
Peak aerobic power was determined from the highest value obtained during thefinalperiod of
testing. Peak work rate (Wpuk) was the highest work-rate obtained during the test. Cardiac
frequency (fc) was monitored continuously during the test (Polar Electro Sports Tester, model
PE3000, Finland), with peak/ c represented by the highest value determined during testing.

4.2.2.2 Subject preparation
Each subject arrived at the laboratory in a rested state and voided before body mass was
measured. After 15 min of rest in a seated position a blood sample, for the resting metabolite
profile, was collected from an antecubital vein. A n oesophageal probe was inserted under local
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anaesthesia. The subject then rested in a supine position and a thermocouple was inserted into
the right vastus lateralis muscle at a location: inferior to the anterior superior iliac spine by
6 0 % of the distance from the midline of the anterior superior iliac spine to the superior aspect
of the patella, and 3.5 c m lateral to this. A percutaneous muscle biopsy was then performed at
the equivalent position on the opposing limb. This entire preparatory process took about 90 min
to complete. Thereafter, the subjects rested quietly for 15-20 min, after which time basal
measurements (Tes, Tm, V0l, and/c) were obtained. Subjects then entered a water immersion
tank for whole-body pre-cooling, pre-heating, or thermoneutral exposure.

4.2.2.3 Experimental standardisation
To ensure that testing was performed with a minimal influence of extraneous factors subjects
were asked to: 1) refrain from strenuous exercise, caffeine, and alcohol ingestion for 48 h prior
to testing; 2) follow dietary instructions with an energy content of 2800 kcal ( 8 0 %
carbohydrate; Appendix A ) for the 24 h prior to the exercise tests; 3) record their diet for the
24 h period prior to the first trial and follow this_diet prior to subsequent trials; 4) have a low fat
breakfast on the day of each trial and to consume a volume of water equivalent to 15 ml-kg"'
body mass before arriving at the laboratory. The heat stress tests were performed at the same
time of day, for each subject, to cater for circadian shifts in T c .

4.2.2.4 Whole-body water immersion
During water immersion, the subjects were dressed in swimming trunks and sat semi-reclined
with water at the level of axilla. Water temperature was regulated with a condensing unit (AH0 3 5 0 - M H Z , Lovelock Luke, Australia) and a heat-exchanger (CN-2, A q u a Systems Inc.
Australia) for cooling and heating, respectively. Water was pumped (Model 413, Onga,
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Melbourne, Australia) from the tank to the heating and cooling units and returned to the tank at
a flow rate of 1.5 L-s"'.

The method for pre-cooling involving up to 60 min of whole-body water immersion at
moderate temperatures is detailed in Section 2.4.2.3.1 and elsewhere (Booth et al, 1997a;
Marino and Booth, 1998). In addition, throughout pre-cooling and thermoneutral immersion,

the right forearm rested on a platform accommodating a rubber hot-water bottle just below the
water surface. The hot-water bottle, which was also located on the superior surface of the
forearm, was used to heat the forearm during the whole-body pre-cooling procedure, thus
increasing the ease with which a catheter could be inserted into the forearm post-immersion.

For pre-cooling, the initial water temperature (Tw) of 28.2°C (SD 0.5) was gradually decrease
to 23.2°C (SD 0.4) over 51,9 min (SD 7.1). For the thermoneutral immersion, T„ was 34.8°C
(SD 0.2) (Greenleaf et al, 1980). Whilst 45 min equilibration was proposed for thermoneutral
immersion, this was shortened so some subjects could void such that, the mean time for
thermoneutral immersion was 44.0 min (SD 0.4). For pre-heating, the subjects were immersed
in a mean Tw of 39.1°C (SD 0.5) until the Tes increased 1.2°C above the pre-immersion value
(37.6 min (SD 8.8)). This provided a margin for Tes to decrease post-immersion, yet remain
about 0.6°C above the pre-immersion value at the commencement of exercise. The intention
was to have the thermoneutral Tes halfway between the pre-cooling and pre-heating Tes at the
commencement of exercise. Previous findings indicate that water-immersion cooling at
moderate temperatures evokes reductions in Tes of 0.6-0.7°C (Booth et al., 1997; Marino and
Booth, 1998). At the completion of immersion, each subject was assisted from the water tank.

Following thermoneutral and pre-cooling immersion, the subjects were seated at room

temperature (23-25°C) and their shoes fitted. In addition, a 21-guage flexible Jelco catheter
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was placed in a right antecubital vein. The subject was then assisted into the climate chamber
and seated on the cycle ergometer and the instrumentation checked. A blood sample was
collected immediately prior to the commencement of exercise. This post-immersion procedure
was altered for the pre-heated condition, where the subjects were assisted to the climate
chamber immediately after leaving the water tank. This reduced the opportunity for body
cooling prior to the commencement of exercise. Once in the climate chamber, the subjects lay
supine with the legs slightly elevated above the level of the heart. Thereafter, the same
procedures applied as for the other conditions. The time from the end of water immersion to the
commencement of exercise for the thermoneutral, pre-cooled, and pre-heated condition was not
different (P > 0.05) and averaged 7.7 min (SD 1.9) for all conditions.

4.2.2.5 Exercise heat stress tests
The exercise heat stress test consisted of 35 min of cycling on a cycle ergometer at a workload
of 60% V02Peak, at T, 34.9°C (SD 2.2) and RH 46.4% (SD 2.6), and without use of a fan to
circulate air. These conditions allowed comparison with the previous pre-cooling investigation
(Booth et al, 1997), which was performed under similar conditions. Moreover, preliminary
work indicated that following pre-heating, 35 min of exercise should be possible without
elevating T es above the ethical limit imposed on the study of 39.5°C.

4.2.3 Apparatus
4.2.3.1 Core temperature
Core temperature was measured in the oesophagus at the level of the right atrium (between the
eight and ninth thoracic vertebrae). The insertion length of the oesophageal probe (Edale
Instruments, Cambridge Ltd. U.K.) was calculated for each individual according to a prediction
equation based on sitting height (after Mekjavic and Remple, 1990) where: probe insertion
length (cm) = 0.479 x sitting height - 4.44. Prior to probe insertion, the naso-mucosa were
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treated with a topical anaesthetic (Xylocaine, Astra Pharmaceutical, Australia). A trained
experimenter then inserted the probe. Once the probe entered the pharynx, the subject was
encouraged to drink water through a straw to aid swallowing. Oesophageal temperature was
measured every 15 s throughout exercise and recorded using a data logger (1206 Series
Squirrel, Grant Instruments Ltd. Cambridge, U.K.) and downloaded to a computer for later
analysis.

4.2.3.2 Muscle temperature
Muscle temperature was measured using a 25-gauge copper-constantan thermocouple encased
in a Teflon sheath (Model IT-18, Physitemp Instruments Inc., Clifton, N e w Jersey, U.S.A.).
The electrical current required for the thermocouple was generated by a portable digital
thermometer (Model B A T - 1 2 , Physitemp Instruments, U.S.A.). Voltage output was converted
to temperature and then to digital equivalents, which were sampled on a mains-isolated portable
computer at 0.07 H z (Thermocouple Data Acquisition System, Physitemp Instruments, U.S.A.)
and stored for later analysis. The site of insertion was shaved clean of hair and sterilized using
both alcohol and iodine-based swabs. The area was then anaesthetised to the muscle sheath
with 2 % Lignocaine solution, without noradrenaline (XylocaineTM, Astra Pharmaceuticals Pty,
Ltd., N S W , Australia). A n 18-guage intra-venous catheter needle (1.3 x 32 m m ; Intrasyte H2915, Becton Dickson Vascular Access, Utah, U.S.A.) was inserted at an angle of
approximately 60° to the skin surface. The needle was withdrawn leaving the teflon catheter
sleeve in place, with the tip 3.2 c m from the skin surface. The thermocouple was passed d o w n
the catheter until the end was about 3-5 m m past the tip of the catheter. Thus, taking into
account the angle of insertion (60°), T m was measured at a depth of approximately 3 c m from
the skin surface. The thermocouple probe and intra-cafheter were secured to the skin using
sterile, gauze strips fastened with collodion adhesive (Collodion, Maridon, U.S.A.). After
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removal, the placement of thermocouple in the catheter was checked to ensure that it had not
been displaced and T m had indeed been measured at a depth of 3 c m throughout each trial.

4.2.3.3 Calibration
All thermistors, and the muscle thermocouples, were calibrated in a stirred water bath against a
referenced mercury thermometer (±0.05°C: Dobbie Instruments, Dobros total water immersion
thermometer, Australia). The thermistors were bunched around the thermometer bulb in the
water bath with the initial T w set at 15°C, and incremented 5°C each 15-min period until T w
reached 45°C. Data from the thermistors and thermocouples were logged (1206 Series Squirrel,
Grant Instruments Ltd. Cambridge, U.K.) with a corresponding reading made with the Dobros
thermometer every 15 min. Linear regression was performed on the corresponding data and a
calibration equation established for each thermistor and thermocouple. The coefficients of the
linear equations were used to convert thermistor and thermocouple data to the corrected
temperatures.

4.2.3.4 Oxygen consumption
Expired gases were sampled continuously for the determination of flow, oxygen consumption
and carbon dioxide production using a Sensor Medics system (2900 Metabolic Cart/System,
Sensor Medics Corporation, California, U S A ) . This system was comprised of a zirconium
oxygen analyser and infrared absorption carbon dioxide analyser. Calibration was performed
with gases of a known concentration before each trial, with re-calibration before the
commencement of exercise. During gas collection, subjects breathed through a Hans Rudolf
two-way valve (dead space 115 m L ) connected to the Sensor Medics by low-resistance tubing.
During water immersion, expired gases were collected for at least 5 min. A s subjects were less
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tolerant of the mouthpiece during exercise in the heat, expired gases were collected for about 3
min at 10-min intervals. Oxygen uptake was determined from thefinalminute of gas collection.

4.2.3.5 Cardiac frequency
Cardiac frequency was monitored every

15 s throughout the trial from ventricular

depolarisation (Model, P E 3000, Polar Electro SportTester, Finland) and subsequently
downloaded to computer for storage.

4.2.3.6 Mass, height, and skinfolds
Each subject's mass was determined using high resolution platform scales (Model N o . fw150k, A & D electronic balance, C A , U.S.A.), calibrated against known mass standards. The
pre-immersion to post-exercise change in body mass was corrected for water intake and urine
output throughout the trial. Height was measured using a stadiometer to the nearest 0.1 c m
(Holtain Ltd., Britian). Skinfold thickness was measured in triplicate at eight sites with skinfold
calipers (Eiken Type Skinfold Caliper, Meikosha Co., Tokyo, Japan) and the mean value
calculated (see Table 4.1).

4.2.4 Blood handling and analysis
4.2.4.1 Blood sampling
Blood samples were collected with the subject seated at rest, immediately prior to exercise and
at 10-min intervals up to and including 30 min of exercise. A n end-exercise sample was not
included due to the post-exercise postural change and the effect this might have on
compartmental fluid distribution (upright cycling to supine; Woodbury, 1974) and an
unavoidable delay in blood sampling due the muscle biopsy procedure. O n e m L of blood was
withdrawn and discarded prior to each sample being collected, with subsequent aliquots
collected in pre-cooled monovettes (Sarastedt, Sarastedt Australia Pty. Ltd., South Australia).
For determining the plasma glucose and lactate concentration, 3.0 m L of blood was collected in
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lithium heparin (15 I.U. heparin-mL"1) andfluoridesalt (3 mg-mL" 1 blood). For the serum F F A
concentration, 3 mL of blood was collected in serum separation gel. Following centrifugation
for 10 min (14,000 rpm, 4°C), the plasma was aliquoted into eppendorf tubes (5417R, Crown
Scientific, N S W , Australia) and stored at -85°C for later analysis. For determining the plasma
N H 3 and catacholamine concentrations, 3 and 5-7 m L respectively, of blood was collected in
lithium heparin (15 I.U. heparin-mL"1 of blood). After collection, samples were placed in ice for
no more than 10 min, and subsequently centriftiged for 10 min at 14,000 rpm and 2°C. Plasma
was then aliquoted into pre-cooled eppendorf tubes, which were snap frozen in liquid N 2 and
stored at -85°C for later analysis. T o minimise the effect that any initial stress evoked at onset
of blood sampling could have on plasma adrenaline, the catecholamine samples were always
collected last. In between blood samples, the line was kept patent by flushing with isotonic
saline (sodium chloride injection B P 0.9%), followed by 2 ml of heparinised saline (50 I.U-5
mL"') after the completion of sampling. Blood loss and saline infusion were similar between
trials and hence, were not included in the determination of change in body mass.

4.2.4.2 Analysis
4.2.4 .2.1 Determination ofplasma glucose, lactate and FFA concentrations
The plasma glucose, lactate, and F F A concentrations were determined in triplicate using
spectrophotometric analyses at 540 n m in a Bio-Rad micro plate-reader (Model 550, Bio-Rad
Laboratories, Hercules, California, U S A ) , with a commercially available kit (glucose, G O P P A P kit 166391, Boehringer Mannheim, Sydney Australia; lactate, kit 735-10, Sigma
Diagnostics, Sydney, Australia; F F A , N E F A C kit 279-75409, W a k o Chemicals, Tokyo,
Japan). Their concentrations (mmol-L') were calculated with a regression equation determined
from a standard curve of k n o w n concentrations. For all assays, the within assay (intra-assay)
and between assay (inter-assay; the same sample analysed on different days) coefficients of
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variation were determined. For plasma glucose, lactate, and F F A concentrations, the intra-assay
coefficent of variation was 2 % (n = 5), 2 % (n = 4), and 3 % (n = 4) respectively, with an interassay coefficent of variation of 4 % (« = 5), 5 % (n = 5), and 4 % (n = 5), respectively.

4.2.4.2.2 Plasma ammonia concentration
The plasma N H ] concentration was determined in duplicate using spectrophotometric analyses
at 605 n m (Vitros D T 6 0 U; Johnson and Johnson Medical Pry. Ltd., Sydney, Australia) and dry,
multilayered, analytical slides containing all the reagents necessary to determine the N H 3
concentration in 10 ul of plasma (Ektachem D T , Johnson and Johnson Medical Pty. Ltd.). With
this method, analysis is based on the selective migration of N H , through a semi-permeable
membrane into a layer containing an indicator dye. The N H 3 reacts with an indicator
(Bromphenol blue) to produce a highly colored dye, the intensity of which is proportional to the
N H 3 concentration. For determining the plasma N H 3 concentration, the within and between
assay coefficent of variation was 2 % (« = 5) and 5 % (n = 6), respectively.

4.2.4.2.3 Plasma catecholamine concentrations
The blood for catecholamine analysis was assayed using high performance liquid
chromatography (HPLC). Briefly, 0.5 m L plasma was absorbed onto activated alumina (Anton
and Sayre, 1962) in 0.5 m L Tris buffer (0.5M), p H 8.6, containing 1 % sodium ethylenediamine
tetra-acetic acid (EDTA). After addition of 25 u L 3,4 dihydroxybenzylamine (200 n M ) and
25 u L sodium metabisulphite (0.5 mg-mL"'), the solution was mixed for 10 min. The
catecholamines were eluted with 125 u.L of 0.1 M perchloric acid (PCA) containing 400 u M
metabisulphite, after washing with two 1 m L aliquots of chilled MilliQ water. Aliquots (100
uL) of the eluted solution were injected onto a 15 c m Novapak column (Waters, Millipore
Corp, U S A ) . The mobile phase consisted of 23.4 g NaH 2 P0 4 ,2H 2 0,0.5 g N a 2 E D T A , 1.171 g
N a octylsulphonic acid, 1 m L orthophosphoric acid, and 45 m L of methanol, per liter of MilliQ
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water. P u m p flow rate was 1.2 mL-min"'. The Waters H P L C system (Waters, Millipore Corp,
U S A ) was comprised of a 510 p u m p , 712 Wisp autosampler with refrigeration, a 460
electrochemical detector (with electrode potential set to 0.65 V ) , and baseline 810 software for
p u m p control and data analysis. Nine assay runs were required to complete sample analysis.
High and low quality control standards were included in each assay. The percent recovery
when standards were added to a plasma sample was 96.6%. The intra-assay and inter-assay
coefficients of variation for the plasma noradrenaline concentration were 2.3 (n = 7) and 14.8%
(n = 7), respectively, and for the adrenaline concentration 4.3 (n = 7) and 6 5 % (« = 7),
respectively.

4.2.5 Muscle handling and extraction
4.2.5.1 Muscle biopsies
Muscle biopsies were obtained at rest and at the completion of exercise for each of the three
conditions. D u e to the rigorous demands placed on the subjects during testing, with several
invasive procedures performed, it was considered too demanding on the subjects to obtain a
biopsy following water immersion pre-treatment. The rationale that limiting the total number of
biopsies to six, as opposed to nine, would increase the likelihood of the subjects volunteering to
undertake all three conditions proved successful in = 9 for all three conditions).

Both muscle samples were taken with the subject in a supine position. All muscle biopsies were
performed on the left vastus lateralis at an equivalent location to the muscle thermocouple
placement in the opposite limb. Firstly, the skin underlying the biopsy location was shaved
clean and then swabbed with antiseptic. Thereafter, the skin surface and the underlying fascia
were anaesthetised using a subcutaneous injection of 2 % lignocaine solution without
adrenaline. After assessment of the level of anaesthesia via a small needleprick, a small incision
(<1.0 c m ) was m a d e in the anaesthetised skin and fascia using a sterile scalpel. T h e needle

103

There is NO p. 104 in original document

4.2.5.2 Freeze drying
Forty to 60 m g of frozen wet muscle was portioned off and weighed to the nearest 10"5 g on
precision scales (BP211D, Sartorius, Goettingen, Germany). The frozen muscle was placed in
eppendorf tubes with the lids punctured, which were then seated in a beaker containing a small
amount of liquid N 2 . T h e beaker was then placed under vacuum (less than 2 mbar; R V 3 ,
Edwards

Vacuum

international, Sussex, England) and

freeze-dried

(FD3,

Dynavac

Engineering, Melbourne, Australia) at -35 to -45°C for 36 h. Following freeze-drying, the
muscle was placed in a dessicator for 45-60 min to permit equilibration at room temperature.
The muscle was re-weighed and the wet to dry weight ratio calculated. The freeze-dried tissue
was pulverised and viewed under a dissecting microscope to remove obvious blood, connective
tissue and fat. The cleaned sample was crushed and powdered, with approximately 4 m g
transferred into eppendorf tubes, which were placed in a dessicator until extraction on the same
day.

4.2.5.3 Muscle metabolite extraction
U p to six samples were extracted at any one time. The eppendorf tubes containing the weighed
and cleaned freeze-dried muscle were placed on ice, with 500 u L of pre-cooled 0.5

M

P C A / l m M E D T A added to each tube. Each tube was repeatedly vortexed for 10-15 s over a
10-min period, tapped vigorously and immediately placed back on ice. The eppendorfs were
then centrifuged for 10 min (28,000 rpm, 0°C) to separate the particulate matter, replaced on ice
and the supernatant withdrawn and deposited into pre-cooled eppendorfs. Four hundred
microlitres of the supernatant was transferred to a fresh eppendorf and kept on ice before 100
u L of 2.1 M K H C O - , was added to each. The eppendorfs were kept on ice for 5 min, during
which time they were repeatedly vortexed for 10-15 s each, followed by 2-min centrifugation
(28,000 rpm, 0°C). The supernatant was aliquoted into two pre-cooled cryotubes that were snap
frozen in liquid N 2 and stored at -85°C until analysed. O n e aliquot was analysed to determine
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the muscle ATP, CrP, creatine, and lactate concentrations; with the other aliquot analysed for
the muscle gluco~~, glucose I-P, glucose 6-P, and fructose 6-P concentrations.

4.2.5.4 Muscle glycogen extraction
For extraction 1.2 mg (SD 0.2) of cleaned freeze-dried tissue was placed in a 1.2 mL cryovial
(code T31O, Lomb Scientific, Sydney, Australia), with SOO ilL of 1M HCl added to each
sample. Samples were vortexed, then weighed prior to heating in an oven at 100°C for 2 h. The
tubes were then re-weighed and if evaporation had occurred through heating, the lost volume
was replaced with MilliQ water. After cooling, 90 ilL of S M KOH was added to each tube,
which was subsequently vortexed, and then centrifuged. The supernatant was removed and
transferred to a cyrovial for storage at -8SoC for later analysis.

4.2.5.5 Muscle triglyceride extraction
The muscle triglycerides were extracted using the method of Fo1ch et al., (1957), with
modifications according to Frayn and Maycock, (1980). All solvents used for lipid extraction
were distilled in glass, and contained 0.01% butylated hydroxytoluene (Sigma Diagnostics,
Sydney, Australia) as an antioxidant. Muscle samples weighing 2.8 mg (SD 1.0) were
homogenised using a hand-held glass homogeniser in 2 mL of chloroform-methanol (ratio 2:1),
and subsequently aliquoted into pyrex tubes. The homogenisers were then washed clean of any
residual matter using a further 1 mL of chloroform-methanol, which was then combined with
the first 2 mL aliquot. The pyrex tubes were then capped and rotated overnight at room
temperature. Thereafter, 1 mL of 0.06% NaC! was added to each pyrex tube, which were then
vortexed vigorously for 30 s before centrifugation (2000 rpm for 10 min). This resulted in a
sample containing an upper aqueous phase separated by a protein plug from an organic phase
containing total lipids. The organic phase was carefully aspirated using a pasteur pipette, to
minimise disruption to the protein plug. and the contents transferred to a 10 mL glass test tube.
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To ensure that all the organic phase was retrieved, a further 1 m L of chloroform was added to
the remaining aqueous phase, with vortexing and centrifugation repeated. Again the organic
phase was aspirated, with the contents combined with the first aspirated organic phase.
Thereafter, the organic phase was placed on ice and the lipids extracted by drying down under a
stream of nitrogen, after which they were re-suspended in 250 u L of 9 5 % ethanol.

4.2.6 Muscle analysis
4.2.6.1 A T P and creatine phosphate concentration
Unless otherwise stated, the metabolite assays were based on the methods described by Lowry
and Passoneau (1972). For the measurement of A T P , standards (100, 200 u M ) were made up in
MilliQ water, and adjusted to p H 7.0 using 2 M N a O H . Creatine phosphate standards (250 u M ,
500 u M ) were made up in 1 M Tris and adjusted to p H 8.1. N A D H standards (50, 100, 200,
400 u M ) were also included. N A D H standards were read on a spectrophotometer (UV-120-02,
Shimadzu, Tokyo, Japan) at 340 n m to obtain exact concentrations, then included as standards
in each assay as an instrument calibration check. The assay was performed in triplicate in 2 m L
disposable fluorometer cuvettes (Cartell code 1960, Backto Scientific, Sydney, Australia), and
read fluorometrically at 365 n m absorption and 455 n m emission using a luminescence
spectrometer (Series 2; Aminco B o w m a n , Illinois, U.S.A). For the muscle A T P concentration,
the intra-assay and the inter-assay coefficent of variation were both 2% (n = 5). For the CrP
concentration, the intra-assay and the inter-assay coefficent of variation were 3 % (n = 5) and
5 % (n = 5), respectively.

4.2.6.2 Creatine concentration
In principle, in the presence of A T P and creatine kinase, creatine is converted to CrP and A D P .
A D P and P E P are converted to lactate and N A D + in the presence of pryuvate kinase, lactate
dehydrogenase, and N A D H . Reactions took place in an imidazole-HCl buffer p H 7.5. Creatine
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standards (200,500 u M ) were prepared in MilliQ water, and were included in each assay. The
assay was performed in disposable cuvettes in triplicate, and read fluorometrically at 365 n m
absorption and 455 n m emission. The intra-assay and the inter-assay coefficients of variation
for the muscle creatine concentration were 2 % (n = 4) and 3 % (n = 5), respectively.

4.2.6.3 Muscle lactic acid concentration
Briefly, in the presence of L D H and N A D + , lactate is converted to pyruvate and N A D H .
Pyruvate is removed by reaction with hydrazine. One molar glycine and hydrazine buffers were
utilised. Both lactate (50, 5 0 0 u M ) and N A D H standards were included in every assay. The
assay was performed in disposable cuvettes in triplicate, and read fluorometrically at 365 n m
absorption and 455 n m emission. For the muscle lactate concentration, the intra-assay and the
inter-assay coefficents of variation were 4 % (n - 4) and 3 % (n = 4), respectively.

4.2.6.4 Glucose, glucose 1-P, glucose 6-P, and fructose 6-P concentration
This assay was based on the method previously described by Harris et al, (1974). The muscle
extract was analysed sequentially for glucose 6-P, glucose 1 -P,fructose6-P, and glucose in the
presence of 50 m M Tris buffer pH.l, 50 u M N A D P , 300 u M A T P , 1.0 m M magnesium
chloride and 0.5 m M dithiothreitol and by addition of glucose-6-dehydrogenase (code 127027;
Boehringer Mannheim, Sydney, Australia), phosphoglucomutase (code 108375, Boehringer
Mannheim), phosphoglucoisomerase (code 128139; Boehringer Mannheim) and yeast
hexokinase (code 1426362; Boehringer Mannheim). Glucose 6-P (15,100,150 m M ) , glucose
1-P (7.5, 15, 50 m M ) , fructose 6-P (5, 10, 50 m M ) , glucose (10, 25 50 m M ) standards were
used, with an N A D H standard (250 u M ) as an instrument calibration check. Assays were
carried out in 2.0 m L disposablefluorometercuvettes (Cartell code 1960, Backto Scientific,
Sydney, Australia), with a reactant volume of 1.0 m L and 100 uL of extract. Due to the large
volume of extract required, samples were analysed using a single run. Determined from rat
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gastrocnemius muscle for a single run assay, the inter-assay variation (n = 5) for muscle
glucose 6-P, glucose 1-P, fructose 6-P, and glucose concentrations ranged from 2-6%.

4.2.6.5 Muscle glycogen (glucose) concentration
In principle, glucose is converted to glucose 6-P in a Tris buffer (pH 8.1) and then
glucanolactone and NADPH by the respective actions of hexokinase, and glucose 6-P
dehydrogenase. The supernatant for the glucose assay was distilled 1:3 with MilliQ water to
enable reading on the fluorometer. Both NADH and glucose standards (125, 250, and 500 uM)

were included in each assay. The assay was performed in disposable cuvettes in triplicate, a
the appearance of NADH read at 365 nm absorption and 455 nm emission. The concentration

of the muscle glycogen was calculated according to the equation described in Section 4.2.6.6
and expressed as mmol glycosyl units-kg dry wf . For the glycogen concentration of human

vastus lateralis, the intra-assay coefficient of variation was 3% (n = 5) and the inter-assa

coefficient of variation (same aliquot of extract analysed on different days) was 4% (n = 4)

4.2.6.6 Calculation of muscle metabolites and glycogen concentrations
The muscle metabolite (mmol-kg dry wf') and muscle glycogen concentrations (mmol glycosyl
units*kg dry wf ) were calculated as:
A abs sample - A abs blank
A abs standard - A abs blank

x concentxat^on 0f

STD/ extract concentration Equation 4.1

Where:
A abs = the change in absorbance units
STD = standard sample (mmol-L" )
extract concentration (mg-mL"1) = the weight of the muscle (mg) x dilution factor

All metabolites (except for muscle lactate) were corrected to the total creatine concentrati
the basis of the average calculated from all biopsies for each individual.
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4.2.6.7 Determining the muscle triglyceride concentration
Immediately following re-suspension in ethanol, the triglyceride concentration of a 50 u L
aliquot of the .muscle extract (250 u L in total) was determined in triplicate by
spectrophotometric analysis at 540 n m , using a Bio-Rad micro plate-reader and a commercially
available enzymatic method (kit G 1 3 9 4 , Boehringer Mannheim, Sydney, Australia). The
triglyceride concentration w a s calculated using regression analysis from a standard curve of
known concentrations from which, the triglyceride concentration in the 250 u L aliquot was
estimated and expressed per kg dry weight of muscle (mmol-kg dry wt"'). The intra-assay
coefficent of variation for the muscle triglycerides concentration in human vastus lateralis was
5 % (n = 5). The inter-assay variation (aliquots of the same muscle sample, extracted and
assayed on different days) for the triglycerides concentration determined in rat gastrocnemius
and h u m a n vastus lateralis was 6 % (n = 4; m e a n = 3.8 mmol-kg dry w f ' (SD 0.2), and 9 % (n 4; mean = 12.7 mmol-kg dry w f ' ( S D 1.1)), respectively.

4.2.7 Statistical analysis
A two-way (time and treatment) analysis of variance (ANOVA)

with repeated measures was

used to compare the data collected for the three conditions (SPSS 8.0.0, SPSS Inc., N e w York,
U.S.A). Simple main effects analysis and Srudent-Newman-Keuls post hoc tests were used to
locate differences w h e n the two-way ANOVA revealed a significant interaction. The postexercise change in body mass for the three trials was compared using a one-way ANOVA,

with

specific differences located with Student N e w m a n Keuls post-hoc tests. A Pearson Product
M o m e n t correlation was used to determine the degree of association between the change in
muscle glycogen concentration following exercise and mean T m over the entire exercise trial.
Alpha w a s set at the 0.05 level for analyses. Ail data are presented as mean values with
standard errors of the means (±), unless otherwise indicated.
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4.3 RESULTS
All subjects completed 35 min of exercise in the pre-cooled and the thermoneutral conditions.
Eight subjects completed 35 min of exercise in the pre-heated condition, with one subject
reaching exhaustion after 25 min.

4.3.1 Oesophageal and muscle temperature
4.3.1.1 Effect of water immersion conditioning
The T e , and T m at rest (pre-immersion) were not different between conditions (P > 0.05; Table
4.2A). O f note was the overall range for T r a pre-immersion (33-36.7°C), which agrees with
previous investigations where T m was measured by an indwelling thermocouple (Saltin et al,
1968; Saltin et al, 1972; W e b b et al, 1992). In contrast to thermoneutral immersion, which did
not significantly alter the pre-immersion T e s and T m (P > 0.05), pre-cooling and pre-heating
evoked markedly different thermal states. Pre-cooling reduced the pre-immersion T e s and T m by
0.6 and 4.7°C, with an increase of 0.6 and 2.8DC following pre-heating (Table 4.2B). Compared
to the thermoneutral condition, T e s and T m were reduced by 0.8 and 4.4°C following precooling (P < 0.05), with an increase of 0.5 and 2.5°C following pre-heating (P < 0.05, Table
4.2B).

4.3.1.2 Effect of exercise
Cool and hot-water immersion resulted in a marked deviation in Te, from the thermoneutral
condition during exercise in the heat (35 G C; Fig. 4.1 A ) . Averaged from all the measurements
(15-s intervals) obtained during 35 min of exercise, T e s for the pre-cooled, thermoneutral, and
pre-heated condition were 37.4 ± 0.1, 37.9 ± 0.3 and 38.3 ± 0.1°C, respectively (P < 0.05). In
the pre-cooled condition T e s was stable during the first 5 min of exercise (36.4°C at 0 and 5
min) compared to an increase of 0.3-0.4°C in the other conditions. Towards the end of exercise
for the pre-cooled and thermoneutral condition T e , converged, such that, T e s was not different at
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Fig. 4.1. (A) Oesophageal and (B) vastus lateralis temperature pre-immersion
and during exercise in the pre-cooled (T), thermoneutral (o) and pre-heated (A)
conditions. Pre-immersion was 15-20 min prior to immersion. For all conditions,
" 0 " time averaged 7.7 min (SD 1.9) after the completion of water immersion
(P > 0.05). S h o w n are the data obtained every 15 s throughout exercise, with the
mean values and standard errors of the means at 5-min intervals for n = 9, except
for exercising muscle temperature: thermoneutral (n = 7); pre-cooling at 25, 30,
and 35 min (n = 8); pre-heating up to 20 min (n = 8) and at 25 and 30 min (n =
7)1. Significantly different (P < 0.05) from: tthermoneutral; ^Pre-heating.

'The different n values are the result of muscle thermocouple failure during the trial.
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30 (pre-cool, 38.0 versus thermoneutral, 38.3°C; P > 0.05) or 35 min (pre-cool, 38.2 versus
thermoneutral 38.40C; P > 0.05; Fig. 4.1 A). This was contrasted by the pre-heated Tes, which
did not converge with the other conditions at the end of exercise, as evidenced by the increase
of 0.4°C above the thermoneutral condition at 15 and 35 min of exercise (P > 0.05). At the end
of exercise, the pre-heated Tcs (38.8 ± 0.10°C) remained higher than the pre-cooled and
thermoneutral condition by 0.6 and 0.4°C (P < 0.05).

Support for the efficacy of the exercising Tm measurements are the previous data of Saltin el
al, (1968), where Tm was also measured using an indwelling thermocouple inserted 3 cm into

the vastus lateralis during cycling exercise at 68% V o2peak and Ta 30°C. Therein, the resting Tm
of approximately 34.8°C increased to about 38.5°C after 25 min of exercise, equivalent to the

Tm observed in the in the thermoneutral condition at this time (Fig. 4. IB). Pre-cooling cause
substantial reduction in Tm over the 35-min exercise bout, with the average Tm (36.3 ± 0.2°C)
significantly lower than the thermoneutral (37.9 ± 0.3°C; P < 0.05), and the pre-heated
condition (38.3 ± 0.1°C; P < 0.05) by 1.6 and 2.0°C, respectively. This reduction in Tm
following pre-cooling was greatest during the first 15 min of exercise, where the average Tm
decreased by 2.5 and 3.7°C compared to the thermoneutral and pre-heated conditions,
respectively (P < 0.05; Fig. 4. IB). Moreover, in the pre-cooled condition, 9.3 min of exercise
was performed before Tm reached the pre-immersion temperature (35.2°C). Despite a
significantly higher Tm at the commencement of exercise in the pre-heated compared to the
thermoneutral condition, the Tm observed during the final 20 min of exercise was not different
for these conditions (P > 0.05; Fig. 4. IB). Whilst the pre-cooled Tm converged towards the
other conditions during exercise, even after 35 min, Tm (38.3 ± 0.2°C) remained significantly
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lower than the thermoneutral (38.8 ± 0.1°C; P < 0.05) and the pre-heated T m (39.0°C ± 0.1°C; P
< 0.05; Fig. 4. IB).

4.3.2 Effect of exercise on cardiac frequency, oxygen consumntion and body mass
Compared to the thermoneutral condition, fc during exercise tended to be lower following precooling (P = 0.09) and augmented following pre-heating (P < 0.05). The average fc over the 35min exercise period in the pre-cooled, thermoneutral and pre-heated condition were 141 ± 6,
150 ± 5 and 164 ± 6 beats-min"1, respectively. At the end of exercise, fc in the pre-heated
condition (173 ± 3 beats-min" ) was significantly elevated above the pre-cooled (159 ± 5
beats-min" ; P < 0.05), but not the thermoneutral condition (164 ± 5 beats-min"'; P > 0.05).
Blunting or augmenting the rise in Tes and Tm did not have a pronounced effect on V0; during
exercise. The Vo2 averaged from the three measurements obtained at each 10-min interval
during exercise were 32.9 ± 1.3, 33.4 ± 1.4 and 34.9 ± 1.4 ml-kg"1-min"1 for the pre-cooled,
thermoneutral and pre-heated condition, respectively (P > 0.05). During exercise, the R E R
often exceeded 1.0 and hence, was considered too unreliable for assessing substrate
metabolism.

The progressive increase in body temperature during exercise across conditions was associate
with a similar pattern for the post-exercise change in body mass. Accordingly, following
exercise in the pre-cooled, thermoneutral, and pre-heated condition, the decrease in body mass
were 0.9 ± 0.2, 1.2 ± 0.2 kg (pre-cooled versus thermoneutral, P = 0.07), and 2.2 kg ±0.3,
respectively (pre-heated versus pre-cooled and thermoneutral, P < 0.05).
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4.3.3 Plasma metabolites and hormones
4.3.3.1 Effect of water immersion conditioning
The resting (pre-immersion) plasma glucose, lactate, F F A , and N H 3 concentrations were not
significantly different between conditions (P > 0.05; Table 4.3 A ) . Whilst water-immersion pretreatment did not influence the plasma glucose, lactate o r N H 3 concentrations within conditions
(P > 0.05), pre-cooling and-pre-heating increased the plasma F F A concentration by 64 and 31 %
respectively, compared to the pre-immersion value (P < 0.05; Table 4.3A). Nevertheless, the
concentrations of the plasma metabolites were not different between conditions at the
commencement of exercise (P >0.05).

The pre-immersion plasma noradrenaline and adrenaline concentrations were also not different
between conditions (Table 4.3B). Compared to pre-immersion, following cool and hot water
immersion the plasma noradrenaline concentration increased approximately two and three-fold
fold, respectively (P < 0.05). This resulted in plasma noradrenaline concentrations at the
commencement of exercise for the pre-cooled and pre-heated conditions that were greater than
the thermoneutral condition (P < 0.05; Table 4.3B). Cool and hot water immersion also
increased the plasma adrenaline concentration compared to pre-immersion (P < 0.05), with the
most pronounced increase following hot water immersion ( 4 4 % versus 1 2 7 % ; Table 4.3B).
Nevertheless, prior to exercise the plasma adrenaline concentrations were not different between
conditions (P > 0.05).

4.3.3.2 Effect of exercise
Pre-heating increased the plasma glucose and lactate concentrations during exercise compared
to the pre-cooled and thermoneutral condition (P < 0.05; Fig. 4.2AJB), whilst the plasma F F A
concentration during exercise was not altered by pre-treatment (P > 0.05; Fig. 4.2C). O f note
was the substantial decrease in the plasma N H 3 concentration during exercise in the pre-cooled
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Table 4.3. The plasma (A) metabolite and (B) catecholamine concentrations preimmersion, and following whole-body pre-cooling, thermoneutral and pre-heating
immersion.
(A) Plasma
metabolites
Glucose

Pre-cooled

(mmol-L 1 )

Condition

Pre-immersion
concentration
4.7 ±0.1

Post-immersion
concentration
5.1 ±0.2

Thermoneutral

4.9 ± 0.2

4.8 ±0.2

Pre-heated

4.9 ±0.2

5.2 ±0.3

Lactate

Pre-cooled

1-1 ±0.2

1.3 ±0.2

(mmol-L"1)

Thermoneutral

1.4 ±0.2

1.5 ±0.1

Pre-heated

1.3 ±0.1

1.5 ±0.2

Pre-cooled

0.14 ±0.02

0.22 ± 0.05*

Free fatty acids
(mmol-L"1)

Thermoneutral

0.14 ±0.02

0.18 ±0.03

Pre-heated

0.16 ±0.03

0.21 ±0.02*

Ammonia

Pre-cooled

13.6 ±1.9

17.9 ±2.5

(mmol-L"1)

Thermoneutral

16.7 ±3.2

17.3 ±2.2

Pre-heated

15.9 ±1.8

19.2 ±2.9

Pre-immersion
concentration
1.66 ±0.20

Post-immersion
concentration

(B) Plasma hormones
Noradrenaline
(nmol-L"1)

Adrenaline
(nmol-L"1)

Condition
Pre-cooled

3.65±0.48*f

Thermoneutral

1.68 ±0.36

2.09 ± 0.47

Pre-heated

1.51 ±0.25

4.04±0.95*t

Pre-cooled

0.34 ±0.13

0.49 ±0.10*

Thermoneutral

0.31 ±0.14

0.39 ±0.15

Pre-heated

0.29 ±0.10

0.66 ± 0.22*

Data are mean values with standard errors of the means for n = 9, except for the
pre-cooled and pre-heated conditions at 30 min (n = 8). Pre-immersion is 15-20 min
before the commencement of whole-body water immersion For all conditions,
post-immersion averaged 7.7 min (SD 1.9) after the completion of water immersion
(P > 0.05). Significantly different (P < 0.05) from: *pre-immersion; tthermoneutral.
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Fig. 4.2. The plasma (A) glucose (B) lactate (C) free fatty acid (FFA) and
(D) ammonia (NH3) concentrations at rest, and during exercise in the pre-cooled
(T), thermoneutral (o) and pre-heated (A) conditions. Pre-immersion was 15-20
min prior to immersion. For all conditions, "0" time averaged 7.7 min (SD 1.9) after
the completion of water immersion (P > 0.05). Data are mean values and standard
errors of the means for n = 9, except for the pre-heated condition at 30 min (n = 8).
Significantly different (P < 0.05) from: tpre-cool; ithermoneutral.
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condition, which was reduced by 3 3 - 5 0 % at 10, 20, and 30 min compared to the thermoneutral
and pre-heated condition (P < 0.05; Fig.4.2D). The marked decrease in the plasma N H 3
concentration following pre-cooling is most evident w h e n the concentrations determined at
each 10-min interval are averaged. In this instance, the plasma N H 3 concentrations averaged
34.8 ± 2.7, 61 ± 3.2 and 56.8 ± 3.3 umol-L"1 for pre-cooled, thermoneutral and pre-heated
conditions, respectively.

Pre-heating and exercise had a marked effect on sympathoadrenal function, as evidenced by the
elevated plasma noradrenaline and adrenaline concentrations after 30 min of exercise (Fig. 4.3).
At this point, the plasma noradrenaline concentration (10.8 ± 2.2 nmol-L"') was significantly
greater than the thermoneutral (6.6 ± 1.3 nmol-L'1) and the pre-cooled conditions (5.9 ± 0.7
nmol-L'1; P < 0.05; Fig. 4.3A). In a like manner, the plasma adrenaline concentration was
higher following 30 min of exercise in the pre-heated (1.3 ± 0.3 nmol-L'1) compared to the precooled (0.7 ± 0.1 nmol-L"'; P < 0.05) and the thermoneutral conditions (0.8 + 0.2 nmol-L"1;
P < 0.05; Fig. 4.3B).

.

4.3.4 Muscle metabolism
4.3.4.1 Effect of water immersion on the rate of carbohydrate and fat oxidation
In the absence of a muscle biopsy following pre-treatment, the effect of pre-cooling and preheating on the muscle glycogen and triglyceride concentration can be estimated from the rate
carbohydrate and fat oxidised during immersion, as detailed previously in Section 2.4.2.3.6.
Whilst thermoneutral pre-treatment did not affect the rate of carbohydrate and fat oxidation
compared to pre-immersion, carbohydrate oxidation increased from 0.20 ± 0.02 to
0.43 ± 0.07 g-min"1; P < 0.05) during pre-cooling, whilst the rate of fat oxidation was not
altered (P > 0.05). In a like manner, hot-water immersion increased the rate of carbohydrate
(0.23 ± 0.04 to 0.38 ± 0.08 g-min"1; P < 0.05), but not fat oxidation (P > 0.05). Applying the
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Fig. 4.3. The plasma (A) noradrenaline and (B) adrenaline concentrations immediately
prior to the commencement of exercise (7.7 min (SD 1.9) post-immersion for all
conditions; P > 0.05), and following 30 min of exercise in the pre-cooled (•),
thermoneutral ( S ) and pre-heated (•) conditions. Data are mean values with standard
errors of the means for « = 9, except for pre-cooled and pre-heated conditions at
30 min (n = 8). Significantly different (P < 0.05) from: fthermoneutral; tpre-cooled.
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same logic described in Section 2.6.2, pre-cooling and pre-heating immersion could have
reduced the pre-immersion muscle glycogen concentration by 4 % and 3 % , respectively.

4.3.4.2 Effect of exercise on muscle substrates
The pre-immersion muscle glycogen concentrations, which were not significantly different
between conditions (range 470-630 mmol-kg dry wt'1; P > 0.05), were reduced following
exercise in all conditions (P < 0.05; Fig. 4.4). The most pronounced reduction in muscle
glycogen was observed following exercise in the pre-heated condition (49%), which was
significantly greater than the pre-cooled (36%; P < 0.05) but not the thermoneutral condition
(42%; P > 0.05). In addition, the muscle glycogen concentration tended to be greater following
exercise in the pre-cooled compared to the thermoneutral condition (373 ± 28 versus 319 ± 37
mmol-kg dry wt'1; P = 0.10).

As an elevated Tmhas been proposed as a possible mechanism for the increased glycogenolytic
rate during exercise hyperthermia, the association between T m during exercise and muscle
glycogen utilisation was examined by pooling the data from all conditions. In this instance, a
weak linear correlation (r = 0.62; P < 0.05) was found between the pre-immersion to postexercise change in the muscle glycogen concentration following exercise and the average T m
during the 35-min exercise bout (Fig. 4.5).

The pre-immersion muscle triglyceride concentrations were 13.8 ±1.2; 13.1 ±1.5 and 12.8 ±1.2
mmol-kg dry wt"1 for the pre-cooled, thermoneutral and pre-heated conditions, respectively
(P > 0.05), with a range of 6.8 to 22.8 mmol-kg dry wt"' between individuals. In addition,
considerable variability in the muscle triglyceride concentration was also observed between
biopsies, as evidenced by a m e a n value of 2 0 % for the coefficients of variation of each
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Fig. 4.4. Muscle glycogen concentration pre-immersion and post-exercise for the pre-cooled
(D), thermoneutral (E3) and pre-heated (•) conditions. Data are mean values with standard
errors of the means for n = 9, except for pre-immersion in the pre-cooled condition (« = 8)'.
Significantly different (P < 0.05) from: *pre-immersion; fpre-heating.

"One pre-immersion biopsy sample in the pre-cooled condition contained insufficient muscle for analysis, hence
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M e a n muscle temperature during exercise ( C )
Figure 4.5. The decrease (expressed as a negative value) in the pre-immersion
muscle glycogen concentration following exercise versus the average muscle
temperature during 35 min of exercise in the pre-cooled (•; n = 7), thermoneutral
(O; n = 8) and the pre-heated condition (A; n = 7). For pooled data there was a
significant linear relationship (r = 0.62; P < 0.05)
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subject's (n = 8) three resting muscle biopsies. The pre-immersion muscle triglyceride
concentration was not significantly altered by exercise in any condition, with post-exercise
triglyceride concentrations of 11.8 ± 1.0, 12.1 ± 1.6 and 11.8 ± 1.6 mmol-kg dry wt"1 for the
pre-cooled, thermoneutral and pre-heated conditions, respectively (P > 0.05).

4.3.4.3 Effect of exercise on muscle metabolites
The pre-immersion muscle A T P , CrP, and creatine concentrations were not different between
conditions (P > 0.05; Table 4.4). Exercise did not reduce the muscle ATP concentration in any
condition, with similar pre-immersion and post-exercise values (P > 0.05; Table 4.4). Whilst
pre-treatment and exercise reduced the CrP (25-30% decline) and increased the creatine
concentration (53-60% increase), this was not "significantly different between conditions (P >
0.05). The pre-immersion muscle glycolytic intermediate concentrations were also similar
between conditions (P > 0.05; Table 4.4). Exercise increased the muscle glucose, glucose 6-P,
and fructose 6-P concentrations within (P < 0.05) but not between conditions (P > 0.05). Whilst
the post-exercise glucose 1-P concentration was increased compared to pre-immersion only

after pre-heating (P < 0.05; Table 4.4), this was not different to the thermoneutral or pre-cool
post-exercise glucose 1-P concentrations (P > 0.05). The pre-immersion muscle lactate
concentrations were similar for all conditions (P > 0.05), with an approximate two-fold
increase following exercise in all conditions (P < 0.05; Table 4.4).

1
For one subject, only two pre-immersion biopsies were analysed, hence n = 8 for this calculation (for one subject
in the pre-cooled condition, the pre-immersion biopsy was unsuitable for analysis).
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4.4 DISCUSSION

This is the first study to investigate the effect of a pre-manipulation of Tes and T„, by whole
body pre-cooling or pre-heating, on muscle metabolism during exercise in a hot, humid
environment. The aim of this study was to determine if such changes, could influence muscle
metabolism to the extent, that could explain the previously reported changes to endurance
following water immersion pre-treatment (Booth et al, 1997a; Gonzalez-Alonso et al, 1999;
Kay et al, 1999). The principle finding was that water-immersion pre-treatment had a limited
impact on muscle metabolism during exercise in a hot, humid environment.

4.4.1 The thermal state and muscle substrate stores: effect of water immersion
Water immersion pre-treatment evoked three different states of body temperature prior to
exercise, as evident by a progressively increasing Tes (36.4, 37.2, 31.TC) and Tm (30.5, 34.9,
37.4°C) following pre-cooling, thermoneutral, and pre-heating immersion, respectively

(Table 4.2). With the marked influence that pre-treatment had on thermal status, consideration
was given to the effect this might have on the muscle substrate stores prior to exercise. We
have previously proposed that the present method of whole-body water immersion pre-cooling
had a limited impact on the muscle substrate stores (Booth el al, 1997a; Marino and Booth,
1998). Whilst strong shivering during cold-water (18°C) immersion can reduce muscle
glycogen stores (Martineau and Jacobs, 1988; see Section 2.2), this event was avoided by precooling at moderate water temperatures, and discontinuing the manoeuvre when strong,
continuous shivering was observed. In the present study, the decrease in muscle glycogen due

to pre-cooling was estimated at 4%, which would have resulted in a similar pre-exercise muscle
glycogen concentration for the pre-cooled and the thermoneutral conditions (the pre-cooling
muscle glycogen concentration at rest was greater than thermoneutral condition by 5%; see

Fig. 4.4). This logic also applies to pre-heating, where the estimated reduction in the restin
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muscle glycogen concentration of 3 % , would evoke a similar pre-exercise glycogen
concentration to the thermoneutral condition.

Since the pre-imrnrnersion muscle triglyceride concentration was not influenced by exercise,
effect of pre-treatment alone on muscle triglyderide can be discounted. Furthermore, the plasma
glucose, lactate, F F A , N H 3 and adrenaline concentrations measured immediately prior to
exercise where not different between conditions (Table 4.3). These combined data support the
notion that at the commencement of exercise, the muscle substrate stores where not different
between conditions.

4.4.2 Effect of water immersion conditioning on exercise in the heat
4.4.2.1 Temperature responses
Cool and hot water immersion evoked marked differences in T e s and T m during exercise, with
the most profound changes following whole-body pre-cooling (Fig. 4.1). Furthermore, the
altered Tes and T m responses following pre-treatment also influenced the physiological strain
imposed by exercise and heat stress, with an increase in fc and whole-body mass change as
exercise hyperthermia increased. These data support previous findings that cardiovascular and
thermoregualtory function during exercise and heat stress are greatly influenced by water
immersion pre-treatment (Booth et al, 1997a; Gonzalez-Alonso et al, 1999; Kay et al, 1999).
However, despite the increased energy demands on the heat-dissipating and cardiovascular
system during exercise hyperthermia, Vo2 was not markedly different between conditions, as
previously reported (Klausen et al, 1967; Smolander et al, 1986; Booth et al, 1997a). It is
therefore possible that during exercise hyperthermia, the increased energy demands placed on
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several physiological systems were met by a change of events within the muscle, this being
primarily an increased rate of carbohydrate oxidation.

4.4.2.2 Carbohydrate metabolism
It was hypothesised that augmenting T e ! and T m during prolonged exercise in the heat would
increase the rate of carbohydrate oxidation. Indeed, the observation that muscle glycogen
utilisation progressively increased as T CJ and T m were augmented during exercise (Fig. 4.4),
supports an effect of body temperature on carbohydrate oxidation. The present findings, along
with several previous investigations (Fink et al, 1975; Febbraio et al, 1994a,b; Parkin et al,
1999), indicate that muscle glycogenolysis is accelerated during exercise hyperthermia.

An unexpected finding was the similar muscle lactate concentration at the end of exercise for
all conditions (Table 4.4), as the mechanisms which might accelerate muscle glycogenolysis
during hyperthermia, could also be expected to increase muscle lactate production. Moreover,
the greater muscle glycogen usage noted during prolonged exercise and hyperthermia, is
generally associated with an increase in muscle lactate accumulation (Young et al, 1985;
Febbraio et al, 1994a,b; Hargreaves et al, 1996a,b). In part, the different findings might be the
result of exercise being performed at 6 0 % V 0 j F a t and T a 35°C, as opposed to 7 0 % V 0 , peakand
40°C (Febbraio et al. 1994a,b; Parkin et al, 1999). However, the muscle lactate concentration
was also not significantly different in a pre-heated and pre-cooled limb following 20 min of
exercise at 70% Vo2peak, despite a marked increase in muscle glycogenolysis in the pre-heated
limb (Starkie et al, 1999). A strong possibility is that muscle lactate clearance was augmented
at a higher T m , as evidenced by the increased blood lactate concentration during exercise in the
pre-heated condition. Further support for an effect of T m on muscle lactate efflux was the
finding that the blood lactate concentration increased more slowly in pre-cooled, as opposed to
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the non pre-cooled muscle during dynamic exercise (Blomstrand et al., 1987). Alternately, the

muscle lactate concentration might have been different during the early stages of exercise (the

first 15 min) but not at the end of exercise, due to a converging Tm in all conditions (Fig. 4.

A converging Tm at the end of exercise might also have contributed to the finding that the post

exercise concentrations of muscle glucose, glucose 1-P, glucose 6-P, and fructose 6-P, were not
different between conditions, despite variance in carbohydrate oxidation. In an earlier

investigation (Kozlowski et al, 1985), the concentration of several glycolytic intermediates in
canine vastus lateralis were altered after 30 min of exercise, where Tm was increased 2.0"C
above muscle cooled continuously throughout exercise. In the present study, the difference in
Tm of about 0.5°C between conditions at the end of exercise might have needed to be greater to
evoke a change in the glycolytic intermediate concentrations. Alternately, the moderate
exercise intensity (60% Vo2peak) may not have been severe enough to cause marked
adjustments in the glycolytic pathway, despite the different Tm. In support of this idea, the
concentration of several glycolytic intermediates were increased in pre-heated versus precooled human vastus lateralis (a difference of 7°C, as for the present study) during shortduration, sustained, isometric contractions (Edwards et al, 1972).

Of note was the marked reduction in the plasma NH3 concentration during exercise in precooled condition (Fig. 4.2D). This is consistent with a previous finding that plasma NH3 is
increased during exercise and hyperthermia (Snow et al, 1993). During exercise hyperthermia,
the increased plasma NH3 concentration could arise from several factors, including an increase
in AMP deamination, and/or amino acid catabolism (Snow et al, 1993). During prolonged
exercise and hyperthermia in humans, an increase in amino acid catabolism is more likely.

129

Thus, it could be speculated that amino acid catabolism could be reduced during exercise in a
pre-cooled condition.

4.4.2.3 Fat metabolism
The hypothesis that lipid oxidation could be increased by attenuating tissue temperature during
exercise in the heat was clearly not substantiated. Despite the marked reductions in T „ and T m
during exercise in the pre-cooled condition, neither the plasma F F A concentration nor muscle
triglyceride utilisation where different between conditions.

The finding that the plasma FFA concentration was not influenced by tissue temperature (Fig.
4.2C), has also been reported during exercise in cool versus hot environments (Fink et al.,
1975; Nielsen et al, 1990; Y o u n g et al, 1995). However, in the only other study to investigate
the effect of exercise hyperthermia on muscle triglyceride utilisation, 45 min of exercise in a
hot as opposed to a cool environment, resulted in a two-fold decrease in muscle triglyceride
utilisation (Fink et al, 1975). Hence, that study concluded that lipid oxidation was impaired
during exercise hyperthermia, primarily through a reduction in muscle triglyceride utilisation.
In contrast, the present findings indicate that muscle triglyceride utilisation is not influenced by
marked alterations in T e s and T m during 35 min of exercise in the heat.

Previous studies employing prolonged exercise (greater than 60 min) undertaken at a similar
intensity to this study (60% Vo2P1!ak), reported no change in muscle triglyceride concentration
(Kiens et al, 1993; Starling et al, 1997), or reductions in excess of 2 0 - 4 0 % (Carlson et al.,
1971; Essen et al, 1975; Hurley et al, 1986). These differences are most likely the result of the
non-uniform distribution of triglyceride throughout muscle (Hultman, 1967; Essen et al, 1975),
which results in considerable variation w h e n measuring triglyceride concentration from small
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biopsy samples. In contrast to the low variation in muscle glycogen concentration between
biopsies in this study ( 7 % ) , and a previous investigation (9-10%, Wendling et al, 1999), the
variability for muscle triglyceride concentration was high (20%), as reported elsewhere (202 8 % ; Wendling et al, 1999). Given the large error in determining the muscle triglyceride
concentration, an exercise-duration well in excess of the 35 min employed in this study, might
be required before a decrease in muscle triglyceride can be detected.

4.4.2.4 Muscle phosphate metabolism
This investigation demonstrated that pre-conditioning to manipulate T es and T m during
prolonged exercise in the heat did not significantly effect the exercise-induced muscle
metabolic changes, with similar post-exercise muscle A T P , CrP, and creatine concentrations for
all conditions (Table 4.4). The failure to see an effect of T es and T m on muscle phosphate
metabolism in this study, might also be attributed to the environmental conditions (35°C) and
the moderate exercise intensity (60% V o2ptak), which failed to evoke sufficiently high Tes and
T m . The highest T„ and T m were measured in the pre-heated condition and reached 38.8° and
39.0°C, respectively.

The present findings contrast the reduction in the total adenine nucleotide concentration and
greater rate of A T P utilisation, observed in pre-heated h u m a n vastus lateralis following highintensity exercise (overall range for the end exercise T m = 39-40°C; Edwards et al, 1972;
Febbraio et al, 1996a). Increased high-energy phosphate degradation and CrP hydrolysis were
also reported at high T c and T m (>40°C), in dogs performing exhaustive running (Kozlowski et
al, 1985). In addition, CrP hydrolysis was increased in human skeletal muscle following
prolonged exercise at 70% V o, peak

anc

* Ta 40°C, during which Tc and Tm exceeded 39 and 40°C

(Febbraio et al, 1994a; Parkin et al, 1999). Whilst speculative, T c and T m might have to rise to
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a critical level (greater than 39°C), at which point, the metabolic pertubations progress rapidly
and could limit exercise endurance. Moreover, this concept agrees with the previous findings
(MacDougall et al, 1975; Gonalez-Alonso et al., 1999; Parkin et al, 1999) that for individuals
exercising under several heat loss conditions, exhaustion occurs at T c and T m between 39-40°C,
irrespective of exercise duration. Indeed, these temperatures also coincide with several other
pertubations evoked at high T m , including impaired mitochondrial (Brooks et al, 1971) and
sarcoplasmic reticulum function (Booth et al, 1997b), which could also limit exercise
endurance.

4.4.3 Possible mechanisms for enhanced carbohydrate oxidation during exercise and
hyperthermia
The mechanisms responsible for the greater muscle glycogen usage at higher T es and T m are
unclear, but could be related to several factors. O n e possibility is that muscle glycogen usage
was accelerated through a direct effect of increased T m , as previously proposed (Fink et al,
1975; Kozlowski et al, 1985; Starkie et al, 1999). S o m e support for this idea was the
significant association between the change in the muscle glycogen concentration and the
average T m during 35 min of exercise (r = 0.62; Fig. 4.5). However, this interpretation is
limited to the muscle glycogen concentration determined at the end of exercise, in contrast to
T m , which was measured continuously throughout exercise. The relatively low correlation
might have been considerably higher had it been possible to obtain intermittent muscle biopsies
throughout exercise in each condition.

Augmenting the rise in Tm during exercise could have directly enhanced the activity of
enzymes ( Q m effect) involved in carbohydrate oxidation, hence accelerating the glyogenolytic
and glycolytic rates (Edwards et al, 1972; Fink et al, 1975; Kozlowski et al, 1985). Certainly
a Q 1 0 effect of T m on the enzymatic reactions of carbohydrate oxidation can not be discounted.

132

given the marked differences in exercising T m between conditions (Fig. 4.1). With Q, 0 values of
1.5-3.5 for human vastus lateralis muscle (Edwards et al, 1972), similar to those generally

reported for enzymic reactions (2-3; Florkin and Stolz, 1964), the mean increase in Tm of 2.5°C
during exercise in the pre-heated, compared to pre-cooled condition, could theoretically
increase enzyme activity by approximately 50%. Indeed, a Q,0 effect of Tm might have been
more pronounced during the first 15 min of exercise, with the thermoneutral and pre-heated T„
increased by around 3 and 4°C respectively, compared to the pre-cooled condition.

The greater plasma adrenaline concentration observed during exercise in the pre-heated
condition (Fig. 4.3B) could have further contributed to an increase in muscle glycogen

utilisation. Previous investigations have also shown that the plasma adrenaline concentration
increased at higher Tc (Galb0 et al, 1979; Nielsen et al, 1990; Hargreaves et al, 1996a), and

that this response could be exaggerated by the level of dehydration encountered during the preheated condition (2.8% decrease in body mass; Hoffman et al, 1994; Hargreaves et al, 1996b).

One mechanism for the glycogenolytic effect of adrenaline, is the transformation of the inactiv
glycogen phosphorylase b to the more active a form (Conlee et al, 1979; Cohen et al, 1980).
In this instance, an increase in the concentration of glucose 6-P (the intermediate following
phosphorylation), as noted in the pre-heated condition following exercise, could be expected.
line with this, the greater glycogen utilisation in the pre-heated condition could in part, be
associated with an increase in glycogen phosphorylase a activity, due to the greater plasma

adrenaline concentration. Moreover, the increased plasma lactate concentration during the fir
20 min of exercise in the pre-heated condition (Figure 4.2B), could indicate that the plasma

adrenaline concentration was also greatest at this time, as both variables are known to increas

in parallel (Turner et al, 1995). As the glycogenolytic effect of adrenaline diminishes over ti
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(Amall a al, 1986), adrenaline mediated glycogenolysis in the pre-heated condition could
have been most pronounced during the earlier stages of exercise.

4 4 4

- - Could altered muscle metabolism, following whole-body pre-cooling or pre-heating,
influence exercise endurance in a hot environment?
Previous investigations have shown that exercise endurance in a hot environment is increased
following whole-body pre-cooling (Booth et al, 1999a; Gonzalez-Alsonso et al, 1999; K a y et
al, 1999), and decreased following whole-body pre-heating (Gonzalez-Alsonso el al, 1999). In
these circumstances, endurance has been linked to altered thermoregulatory and cardiovascular
function. The present findings provide further evidence that water immersion pre-treatment
evokes profound changes in thermoregualtory and cardiovascular function during exercise in
the heat.

However, manipulating T« and Tm had a less marked effect on exercise metabolism, such that,
altered muscle metabolism following water immersion conditioning might not be a primary
factor determining endurance in a hot environment. Whilst the present findings indicate that
water immersion pre-treatment can influence the rate of muscle glycogenolysis during exercise,
it is uncertain if this could explain the change in endurance previously noted following precooling or pre-heating (Booth et al, 1997a; Gonzalez-Alonso et al, 1999; Kay et al, 1999). In
the present study, despite differences in the glycogenolytic rate between conditions the plasma
glucose concentration was not reduced, whilst the muscle A T P concentration was maintained in
all conditions. Moreover, previous investigations have shown that adequate muscle glycogen
stores remain following exhaustive exercise in the heat (Nielsen et al, 1991) and in this
instance, exercise endurance is not increased by carbohydrate feedings (Febbraio et al, 1996b).

These data indicate that carbohydrate availability might not be a limiting factor to exercise in
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the heat, hence an altered glycogenolytic rate following pre-cooling orpre-heating could have a
limited effect on exercise endurance in a hot environment.

In the present study, muscle phosphate metabolism during exercise in the heat was not
influenced by altering T ^ and T m . Certainly, a decrease in A T P or an increase in rate of CrP
hydrolysis, as previouslyriotedduring prolonged exercise and hyperthermia (Kozlowski et al.,
1985), could impair several processes involved in muscle contraction. However, in the present
study muscle phosphate metabolism was not affected over the range of Tes(38.2-38.8°C) and
T m (38.3-39.0°C). Nevertheless, a critical limiting temperature (greater than 39°C) beyond the
overall range observed in this study, at which point muscle phosphate metabolism is impaired,
should not be discounted.

Of note was the lower plasma NH3 concentration daring exercise in the pre-cooled condition.
Whilst the underlying mechanisms to account for the decrease in plasma N H 3 during exercise
in the heat are unclear, they could include a reduction in A M P deamination or amino acid
catabolism. However, despite speculation that an increase in plasma N H 3 could promote central
fatigue by impairing neurotransmission and motor unit activation (Mans et al, 1983), the role
of plasma N H 3 in the fatigue process is undetermined. Therefore, the effect that a reduction in
plasma N H 3 could have on endurance during exercise in heat following pre-cooling is also
ambiguous.

4.4.5 Summary
This study is the first to investigate the effect of pre-manipulation of whole-body temperature,
using whole-body water immersion, on muscle substrate and energy metabolism during
exercise in the heat. The principle observation was that, inducing markedly distinct thermal
states during exercise in the heat had limited differential effects on the pattern of muscle
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metabolism. Whilst the rate of muscle glycogenolysis was sensitive to changes in T w and T m ,

augmenting or attenuating the exercise induced rise in Tes and Tm did not markedly alter the rate
of lipid oxidation or muscle phosphagen metabolism. The mechanism for the decreased plasma
NH3 concentration in the pre-cooled condition, and the influence this could have on endurance,
is unclear. In conclusion,, following whole-body pre-cooling or pre-heating, altered muscle
metabolism is unlikely be greatly influence exercise endurance in a hot environment. In this
instance, marked alterations in thermoregulatory and cardiovascular function might exert a
much greater influence on endurance, with this notion explored in Chapter 5.
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CHAPTER

5: THE

THEMOREGULATORY

CONSEQUENCES

OF PRE-

COOLING AND PRE-HEATING DURING EXERCISE IN THE HEAT
S.l INTRODUCTION
During exercise in the heat, thermal balance can be disrupted with heat gain exceeding heat
loss. In this instance, the likelihood that hyperthermia will limit exercise endurance is
greatly increased. However, following whole-body pre-cooling, hyperthermia is delayed
during exercise in the heat and endurance is increased (Booth et al, 1997; Gonzalez-Alonso
et al, 1999; K a y et al, 1999). In a pre-cooled condition, altered theromoregulatory function
and muscle metabolism have been proposed as possible underlying mechanisms for the
increased endurance (Chapter 3). However, whole-body pre-cooling had a limited effect on
muscle metabolism during exercise in the heat (Chapter 4). In line with this finding, it is
more likely that following whole-body pre-cooling the thermoregulatory adjustments,
including changes to heat loss, sweating and peripheral blood flow, could have m u c h greater
influence on exercise endurance in the heat. Hence, one focus of this study is the overall
thermoregulatory impact of whole-body pre-cooling and its effects on subsequent exercise
in the heat.

In general, most studies assessing a pre-manipulation of tissue temperature on exercise have
focused on the effects of a slight reduction in body temperature (T b ). T o our knowledge, no
study has fully explored the thermal impact of whole-body pre-heating upon physiological
functioning during combined exercise and heat stress. Situations where the initial body heat
content is increased above basal levels prior to performing work are not u n c o m m o n (e.g.
some industrial settings and during manual work in hot climates). In this instance, the
thermal strain imposed prior to exercise in the heat might be expected to further overload
the heat dissipating mechanisms, evoking a pattern of thermoregulation markedly different
than a thermoneutral or a pre-cooled condition.

The purpose of this investigation was to examine physiological function during exercise in
the heat following water-immersion conditioning of both the deep and superficial body
tissues. The three thermal states employed during exercise were: pre-cooled, thermoneutral
and pre-heated.

5.2 METHODS
S o m e of the methods have been reported previously in Section 4.2 and are repeated, but in
less detail, for the convenience of the reviewer. For more detail, the reviewer is referred to
the relevant section.

5.2.1 Experimental overview
Nine healthy male subjects participated in this study as approved by the University of
Wollongong H u m a n Experimentation Ethics Committee. The characteristics of each subject
are listed in Table 4.1. Each subject received a Subject Information Package and provided
informed consent before participating.

The subjects completed four experimental sessions. The first session involved a maximal
incremental exercise test to exhaustion on an electrically-braked cycle ergometer (Lode
Excalibur Sport, Groningen, Netherlands). This was followed by three submaximal exercise
tests each lasting 35 min, with at least one week between tests. Each test was preceded by
whole-body water immersion in cool, thermoneutral or hot water, using a balanced design.
T o ensure that testing was performed with a minimal influence of extraneous factors the
procedures detailed in Section 4.2.2.3 were followed.

The measurements made during the testing were: body temperature (oesophageal
temperature (Tes) as an index of T c , skin temperatures (eight sites), and vastus lateralis
temperature); the change in blood and plasma volume estimated from the change in the

haemoglobin (Hb) concentration and the haematocrit (Hct); oxygen consumption (V 0 2 );
cardiac frequency (fc); the sweat threshold and local and whole-body sweating (estimated
from the changg in body mass corrected for urine output and water intake).

5.2.2 Subject preparation
Each subject arrived at the laboratory in a rested state and urinated before body mass was
measured. Following 15 min of seated rest, a resting blood sample was collected from an
ante-cubital vein. This was followed by the insertion of an oesophageal probe under local
anaesthesia. The subject then rested in a supine position and a thermocouple was inserted
into the left quadriceps muscle. In addition, a sweat capsule was attached to the forehead
and sealed with collodion adhesive (Collodion, Maridon, U.S.A.). Following a further 15-20
min rest, the other basal measurements (T«, Tsk, muscle temperature (Tm), V0 , and/c) were
obtained. Subjects then entered a water immersion tank for whole-body pre-cooling,
thermoneutral, or pre-heating exposure.

5.2.3 Whole-body water immersion
During water immersion the subjects were dressed in swimming trunks and sat semireclined with water at the level of axilla. The methods for whole-body pre-cooling at
moderate water temperatures, and for regulating water temperature (T w ) during pre-cooling
are detailed in Section 2.4.2.3.1 and elsewhere (Booth et al, 1997; Marino and Booth,
1998). For whole-body pre-cooling, the initial water temperature (T w ) of 28.2°C (SD 0.5)
was gradually decreased to 23.2°C (SD 0.4) over 52 min (SD 7). For the thermoneutral
immersion, the subjects were exposed to a T w of 34.8°C (SD 0.2; Greenleaf et al, 1980) for
44.0 min (SD 0.4). For pre-heating, the subjects were immersed in a mean T w of 39.1°C (SD
0.5) until the T e s increased 1.2QC above the pre-immersion value (37.6 min (SD 8.8)). The
rational for these manoeuvres is also detailed in Section 4.2.2.4.

At the completion of immersion each subject was assisted from the water tank to have their
shoes fitted, and a 21-guage flexible Jelco catheter placed in a right antecubital vein.
Following thermoneutral and pre-cooling immersion, they were seated at room temperature
(23°-25°C), whilst following pre-heating, they were immediately assisted to the climate
chamber (35°C) to prevent excessive cooling (Section 4.2.2.4). After the subject was seated
on the ergometer, the instrumentation was checked and a blood sample collected
immediately prior to the start of exercise. The time from the end of water immersion to the
start of exercise for the pre-cooled, thermoneutral and pre-heated condition was not different
(P > 0.05), averaging 7.7 min (SD 1.9) for all conditions. The exercise heat stress tests
consisted of 35 min of cycling at workload of 60% V02peak at an air temperature of 34.6°C
(SD 2.2), and relative humidity ( R H ) of 4 6 . 4 % (SD 2.6) (for details see Section 4.2.2.5),

5.2.4 Apparatus
5.2.4.1 Core temperature
Core temperature was measured in the oesophagus, at the level of therightatrium (between
the eight and ninth thoracic vertebrae). The insertion length of the oesophageal probe (Edale
Instruments, Cambridge Ltd. U.K.) was calculated for each individual according to a
prediction equation based on the sitting height of the subject (for details see Section
4.2.3.1). All body temperature measurements, that were obtained at 15-s intervals
throughout exercise, where recorded using a data logger (1206 Series Squirrel, Grant
Instruments Ltd. Cambridge, U.K.) and subsequently downloaded to a computer for later
analysis.

5.2.4.2 Muscle temperature
Muscle temperature was measured using a 25-guage copper-constantine thermocouple
encased in a Teflon sheath (Model IT-18, Physitemp Instruments Inc., Clifton, N e w Jersey,

U.S.A.). The electrical current required for the thermocouple was generated by a portable
digital thermometer (Model B A T - 1 2 , Physitemp Instruments, U.S.A.). Voltage output was
converted to temperature, with the data sampled on a mains-isolated computer
(Thermocouple Data Acquisition System, Physitemp Instruments, U.S.A.) and stored for
later analysis. The location for insertion of the thermocouple on the vastus lateralis was:
inferior to the anterior superior iliac spine by 6 0 % of the distance from the midline of the
anterior superior iliac spine to the superior aspect of the patella, then about 3.5 c m lateral to
this position; and 3.0 c m from below the skin surface, with thermocouple probe and intracatheter were secured to the skin (for details see Section 4.2.3.2).

5.2.4.3 Skin temperature
Skin temperatures were monitored using thermistors (EU Type, Yellow Springs Instruments
Co. Inc., Ohio, U.S.A.) located at eight sites. These sites included: forehead,rightscapula,
left upper chest, right arm, left forearm, left hand, right anterior thigh, and left calf
(International Standards Organisation, 1992)- These temperatures were used to in the
following equation to determine m e a n skin - temperature (T s k: International Standards
Organisation, 1992):
T s k : ((forehead + right arm + left forearm) x 0.07) + ((right scapula + left upper chest) x
0.175) + (left hand x 0.05) + (right anterior thigh x 0.19) + (left calf x 0.20)) Equation 5.1

Mean body temperature (Tb) was calculated according to the temperature of the
surrounding medium. Thus, for cold, warm and hot conditions, respectively:
T b = T e s x 0-67 + T s k x 0.33 (cold; Bittel, 1987)

Equation 5.2

f b = T e s x 0.79 + T s k x 0.21 (warm; Bittel, 1987)

Equation 5.3

f b = T e s x 0.89 + T s k x 0.11 (hot; Snellen, 1966).

Equation 5.4

Body heat storage (S) for each condition was calculated as:
S = C x mx (AT bv At)+AD (Holmer er al., 1989) ^uafion 5.5
where:
C = the specific heat capacity of the body tissue (0.97 W-kg"1);
m = the mean body mass during exercise (kg);
A T b = the change in T b from the beginning to the end of exercise;
A t = the time from the beginning to the end of exercise;
AD = the body surface area (m2; DuBois and DuBois, 1916)

5.2.4.4 Calibration
All thermistors and muscle thermocouples were calibrated in a stirred water bath against a
calibrated, certified referenced mercury thermometer (referenced mercury thermometer

(Dobbie Instruments, Dobros total immersion, Australia; for detailed description see Secti
4.2.3.3). Linear regression was performed on the collected data and a calibration equation
established for each thermistor and thermocouple. Using the coefficients of the linear
equations, thermistor output data were converted to the corrected temperatures.

5.2.4.5 Measurement of whole-body and local sweating
As an estimate of whole-body sweating, the change in body mass after exercise was
corrected for urine output and water intake. Capacitance hygrometry principles were

employed to measure sweat rate (msw) at 0.2 Hz, with use of a ventilated sweat capsule
mounted on the skin surface of the forehead and a four-channel sweat monitor (Clinical
Engineering Solutions, Australia: Turner and Gass, 1993). A low humidity air stream was
dispersed across the skin surface (3.16 cm"2) beneath the sweat capsule at a known flow
(400-600 ml-min"1), which was regulated by a rotameter (Platon, Duff and Mackintosh,
Sydney). Prior to reaching the skin surface, the air contained a known minimal water mass.

generated by passing air across a hygroscopic, saturated salt solution of lithium chloride, at
a known temperature. The water mass of the air stream was elevated upon contact with the
sweating skin surface, with the humidity and temperature of the effluent air sampled after
adequate mixing by a capacitance hygrometer (MiniCap 2, Panametrics Pty. Ltd., Gymea,

Australia). Thus, an increase in the RH of the effluent air was due to evaporation of sweat

beneath the capsule, permitting msw to be measured. Voltage output from the sweat
monitors was sampled using an IBM computer and a 16 channel, 12-bit analog: digital
interface (DAS1602, MetraByte Corp, U.S.A).

5.2.4.5.1 Calculation of sweat rate
The determination of msw using a ventilated sweat capsule required calculation of the
increase in mass of water contained within the effluent air, which had been passed across
the skin surface (Graichen et al, 1982). The following equation was used to quantify the
water added to the air stream within each capsule by evaporation from the skin, which was

then taken as the msw (Taylor et al, 1997).

m

IW

= mass flow of water off the skin (gem -min")

m,„ = (((RHxPH20,xV) j (100xTc,px3.464)) - (RH„,pXPH20,xV)) Equation 5.6
(100xT,x3.464) -rA
where:
R H (%) = relative humidity obtained from the capacitance hygrometer once air has left the
skin
PHjO, = partial pressure of water vapour that would be obtained for air entering the capsule
if it were 100% saturated (mm Hg)

V = airflow through the capsule measured from the rotameter (L-min")
Tcap= temperature of the water leaving the sweat capsule (K)

T a = air temperature (K)
3.464 - (water vapour gas constant)
A = 3.15 c m 2

5.2.4.5.2 Calibration of sweat monitor
Humidity sensors were calibrated before testing at the T a used during each trial. Calibration
of the sweat monitor was based on the fact that water mass prior to the ventilated capsule
(measured at the saturated solution) was identical to the post-capsular air (measured at the
hygrometer). A s a result, any change in R H between these two measurements was due to a
variation in temperature, which can be calculated, since the temperature of pre-capsular (Tl)
and post-capsular (T2) air, are both measured concurrently. Calibration involved recording
the voltage output from each hygrometer, at two known relative humidities. The known
relative humidities were obtained by directing air over sodium chloride ( R H 75-75.5%) and
lithium chloride ( R H 10.5-12%) saturated solutions at a known temperature (Tl), prior to
ventilating the hygrometers (known temperature; T2). The relationship between the R H
output voltage and the k n o w n R H was then mathematically determined, which enabled
online conversion of the hygrometer output in post-capsular R H .

5.2.4.5.3 Determination of sweat threshold and sensitivity
The sweat threshold (the point where sweating was initiated) was determined from the
forehead site for each individual.
The threshold was determined as follows:
(i)

Data was graphed and magnified to display the region in which the sweat threshold
appeared to occur.

(ii)

The point where sweat secretion, lasting more than 5 min without returning to
baseline was noted. This point allowed selection of pre and post-threshold sweat
data, which were then isolated and curve fitted, using first order linear regressions.

(iii)

Grid lines were then used to determine the precise point in time where the sweat

response deviated from the pre-threshold regression line. This point was termed the
threshold for that site.
(iv) For cases in which sweat thresholds could not be easily determined, data on either
side of the assumed threshold were fitted with first-order linear regressions. The
point where these regression lines intercepted was taken as the sweat threshold.

5.2.4.6 Change in blood and plasma volume
For estimating the change in blood and plasma volume, the haemoglobin concentration
([Hb]) and haematocrit (Hct) were determined from blood sampled at rest (pre-immersion),
immediately prior to the commencement of exercise, and at 10, 20 and 30 min of exercise
(the blood sampling methods are detailed in Section 4.2.4.1). For the determination of the
[Hb] and Hct, blood was collected in tubes containing potassium-EDTA (1.6 mg-ml"1 of
blood), with a 500 uL aliquot stored at -85°C for later analysis of Hb, and the remaining
whole blood stored at 4°C for determination of Hct on the same day. All the pre-immersion
and exercising blood samples were obtained with the subject in a seated position and with
the posture controlled during sampling.

The [Hb] was determined in duplicate using the cynamethaemoglobin technique (Total
hemoglobin, Sigma Diagnostics0, MO, U.S.A.). For the assay, 5 mL of commercially
prepared Drabkin's solution was added to a series of tubes for standards (0, 6, 12, and 19
g-dL"1) and collected blood samples. Twenty microlitres of the standard solutions and
whole-blood samples were added to each tube, vortexed, and allowed to stand at room
temperature for at least 15 min. The [Hb] of the tubes was determined using
spectrophotometric analysis read at 540 nm (Shimadzu UV-1601, UV-visible

spectrophotometer, Japan). The inter-assay coefficient of variation for the determination of
[Hb] was determined as 0.9% (n = 4).

The microhaematocrit technique was used to determine the packed cell volume (Hct: E C
MB CENTRIFUGE, International equipment CO., MA, U.SA.). Blood was drained into

capillary tubes (75 mm x 1 mm), which were then sealed with plasticine (Sigmillum, Herler,
Copenhagen, Denmark) and centrifuged (10 min at 3500 rpm). Following centrifugation, the
length of the packed red cells and the length of the combined pack red cells and plasma
sections of each tube (mm) were determined in triplicate, using digital calipers with an
accuracy of 0.01 mm. Haematocrit was calculated as the ratio of the red cells and plasma,
and expressed as a percentage.

The percentage change in blood and plasma volume were determined according to the
equations of Harrison (1985):
Change in blood volume % = (Hb! -r Hb2 - 1) x 100 Equation 5.7
Change in plasma volume % = (((Hbi)x(l-Hct2)/(Hb2)x(l-Hcti))-l)xl00 Equation 5.8
Where:
Hbj = the pe-immersion [Hb]
Hcti = the pre-immersion Hct
Hb2 = the [Hb] determined at each 10 min interval during exercise
Hct2 = the Hct determined at each 10 min interval during exercise

5.2.4.7 Oxygen consumption
Expired gases were sampled continuously for the determination of flow, oxygen
consumption and, carbon dioxide production, using a Sensor Medics system (2900
Metabolic Cart/System, Sensor Medics Corporation, California, USA; see Section 4.2.3.4).
Calibration was performed with gases of a known concentration before each trial, with recalibration before the commencement of exercise. Oxygen consumption was measured preimmersion, and at 10-min intervals throughout exercise, at which time, expired gases were

collected for approximately 3 min, with V o 2 determined from the final minute of gas
collection.

5.2.4.8 Cardiac frequency
Cardiac frequency was monitored every 15 s throughout the trial from ventricular
depolarisation (Model, PE 3000, Polar Electro SportTester, Finland) and subsequently
downloaded to computer for storage.

5.2.4.9 Mass, height and skinfolds
Each subject's mass was determined using high resolution platform scales (Model No. fw1501c, A&D electronic balance, CA, U.S.A.), calibrated against known mass standards. The
pre-immersion to post-exercise change in body mass was corrected for water intake and
urine output throughout the trial. Height was measured using a stadiometer to the nearest
0.1cm (Holtain Ltd., Britian). Skinfold measurements (see Section 4.2.3.6) were taken with
skinfold calipers (Eiken Type Skinfold Caliper, Meikosha Co., Tokyo, Japan).

5.2.5 Statistical analysis
A two-way (time and treatment) analysis of variance (ANOVA) with repeated measures was
used to compare the data collected for the three conditions (SPSS 8.0.0, SPSS Inc., New
York, U.S.A). Simple main effects analysis and Student Newman Keuls post hoc tests
where used to locate differences when the two-way ANOVA revealed a significant
interaction. The post-exercise change in body mass and sweat rate for the three trials was
compared using a one-way ANOVA, with specific differences located with Student Newman

Keuls post-hoc tests. Alpha was set at the 0.05 level for analyses. All data are presented as
mean values with standard errors of the means (± SEM), unless otherwise indicated.

5.3 RESULTS
Note that some of these data are reported in Section 4.3, but are repeated in this chapter to
assist with the clarity and continuity of this chapter, and for the convenience of the reviewer.

5.3.1 Baseline data
At rest (all resting data were collected 15-20 min prior to immersion and are referred to as
the pre-immersion data), the T e ! and T m were not different between conditions (P > 0.05;
Fig. 5.1A.B). The range of T e , (36.8-37.4°C; mean T c s for pooled data = 37.1 ± 0.1°C) and
T „ (33-36.7°C; m e a n T m for pooled data = 35.0 ± 0.3°C) pre-immersion, are similar to
previously reported data (Saltin et al, 1968; Saltin et al, 1972; W e b b , 1992). Neither T sk
nor T b were different between conditions at rest (P > 0.05; Fig. 5.1C.D). The preimmersion fc and V0! were also not different between conditions (P > 0.05) and for pooled
data were 65 ± 3 beats-min"1 and 4.5 ± 0.2 ml-kg'-min"1, respectively (P > 0.05).

5.3.2 Immersion data
Water-immersion conditioning was effective in evoking three dissimilar thermal states (Fig.
5.1). Throughout the thermoneutral immersion (34.8°C) T e s and T s k were stable as evident
by a T b of 36.4°C at 20, 30 and 40 min of immersion compared to the pre-immersion
temperature of 36.2°C. In a like manner, the pre-immersion T m (35.3°C) was not
significantly altered after 20, 30, and 40 min of thermoneutral immersion (35.3, 35.5, and
35.7°C, respectively; P > 0.05). In contrast water-immersion pre-cooling and pre-heating
evoked marked changes in T « and T sk , resulting in a -3.4° ± 0.1° and +2.2 ± 0.1°C shift in
the pre-immersion f b, respectively (P < 0.05). O f note was the dramatic reduction in the T m
during pre-cooling, with the pre-immersion T m decreased by 6.3 + 0.7°C at the completion
pre-treatment (Fig. 5.1B). Somewhat unexpected, was the finding that T m was not similar to
the overlying T s k during pre-cooling. Throughout pre-cooling, the T m remained about 4°C
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Fig. 5.1. A ) oesophageal B ) muscle C ) mean skin and D ) mean body temperature during
water-immersion pre-treatment, and during exercise in the heat for the pre-cooled (•),
thermoneutral (o), and pre-heated condition (A). Pre-cooled, thermoneutral and preheated immersion were for 51.9 (SD 7.1), 44.0 (SD 0.4), and 37.6 min (8.8), respectively.
For all conditions, " 0 " time averaged 7.7 min (SD 1.9) after the completion of water
immersion (P > 0.05). Shown are data obtained every 15 s, with the mean values and
standard errors of the means at 5-min intervals during immersion and exercise for n = 9,
except for exercising muscle temperature: thermoneutral (n = 7); pre-cooled at 25, 30, and
35 min (n = 8); pre-heated up to 20 min (n = 8) and at 25 and 30 m m (« = 7).
Significantly different (P < 0.05) to fthermoneutral, +pre-heated condition.
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higher than the overlying T sk , and at the end of pre-cooling the vastus lateralis temperature
and thigh TSk were 28.9 ± 1.1 and 24.7 ± 1.7°C, respectively (P < 0.05). These data support

the claim that we were indeed, monitoring deep as opposed to superficial tissue temperature.
Hot water immersion (39.1°C) had a less profound effect on the pre-immersion Tm, which
increased by 3.4 ± 0.6°C; P < 0.05) at the end of pre-heating to equilibrate with Tsk (about
38°C). Nevertheless, hot water immersion imposed considerable thermal strain, as evident
by the average/c throughout immersion, which was about 25 beats-min4 higher than the preimmersion value (Fig. 5.2). During thermoneutral and pre-cooling immersion, the average fc
was about 2 and 3 beats-min"1 above and below the pre-immersion value, respectively (P >
0.05).

5.3.3 Exercise data
Following water immersion pre-treatment there was an unavoidable delay before exercise
commenced however, this interval was not different between conditions (7.7 min (SD 1.9)

for all the data pooled; P > 0.05). Eight subjects completed 35 min of exercise in all three
conditions. The remaining subject completed 35 min of exercise in the pre-cooled and
thermoneutral condition, but was unable to exercise beyond 25 min in the pre-heated
condition due to exhaustion.

5.3.3.1 Cardiac frequency and oxygen consumption
Compared to the thermoneutral condition, fc during exercise tended to be lower following
pre-cooling (P = 0.09) and augmented following pre-heating (P < 0.05; Fig. 5.2). The
average fc over the 35-min exercise period in the pre-cooled, thermoneutral and pre-heated
condition were 141 ± 6, 150 ± 5 and 164 ± 6 beats-min"1, respectively. At the end of
exercise, /, in the pre-heated condition (173 ± 3 beats-min"1) was significantly elevated
above the pre-cooled (159.± 5 beats-min"1; P< 0.05) but not the thermoneutral condition
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Fig. 5.2. Cardiac frequency during water-immersion pre-treatment and during exercise in th
heat for the pre-cooled (T), thermoneutral (o), and pre-heated condition (A). Pre-cooling,
thermoneutral and pre-heating water immersion were performed for 51.9 (SD 7.1), 44 (SD
0.4), and 37.6 min (8.7), respectively. For all conditions, "0" time averaged 7.7 min (SD 1.9)
after the completion of water immersion (P > 0.05). Shown are data obtained every 15 s, with
the mean values and standard errors of the means at 5-min intervals during immersion and
exercise for n = 9, except for pre-heated condition at 35-min exercise (n = 8). Significantly
different (P < 0.05) to the tthermoneutral and $pre-heated condition.

(164 ± 5 beats-min"); P >0.05). Regardless of pre-treatment, V Q 2 averaged about 59-62%

V o2 peak during exercise in all conditions (P > 0.05).

5.3.3.2 Body temperatures
Pre-cooling reduced T„ and Tm throughout exercise when compared to the other conditions
(Fig. 5.1A). Following pre-cooling, the Te! remained lower than the pre-immersion value
during the first 10 min of exercise. In addition, during the first 20 min of exercise Tes
increased at 0.9 ± 0.010C-min"', which was greater than for the thermoneutral (0.05 ±
0.02°C-min"'; P < 0.05) and the pre-heated condition (0.03 ± O.orC-min"1; P < 0.05).
Thereafter, the rise in Tes was similar between conditions (P > 0.05). Pre-cooling also
evoked the most dramatic Tm response during exercise. In this instance, Tm was lower than
the pre-immersion value up to about 10 min of exercise, with a rate of increase during
exercise two and six-fold greater than the thermoneutral and the pre-heated condition,

respectively (0.23 + 0.01 versus 0.10 ± 0.01 and 0.04 ± O.orC-min"1; P < 0.05). Of note was

the similar Tm response for the pre-heated and the thermoneutral condition during the final

20 min of exercise (P > 0.05; Fig. 5. IB). Whilst the pre-cooled Tm remained lower than the

thermoneutral and pre-heated condition at the end of exercise (38.3 ±0.2° versus 38.8 ± 0.
and 39.0 ±0.1°C; P < 0.05; Fig. 5.1B), T„ was converging in all conditions.

In the pre-cooled condition, the interval between the end of immersion and the
commencement of exercise had a profound effect on T sk. with an increase of about 4-5°C
during this time (Fig. 5.1C). Nevertheless, at the onset of exercise the pre-cooled Tsk
remained lower than the thermoneutral and the pre-heated condition by 3.6 and 6.5°C,
respectively (P < 0.05). Whilst Tsk was different between conditions up to 15 min of
exercise (P < 0.05). Thereafter, the only difference noted was between the pre-cooled and

pre-heated condition at 20 and 25 min of exercise (P < 0.05). In line with the T es and T „
responses following exercise, the rate of increase in f sk during exercise was also greatest
in the pre-cooled condition (0.19 ± 0.01 versus 0.07 ± 0.01 (thermoneutral) versus 0.02 ±
0.01°C-min" (pre-heated); P < 0.05). In the pre-cooled condition, there was a marked
increase in Tb from the end of immersion to the commencement of exercise (Fig. 5.ID).
Whilst this was partly associated with the rapid increase in TIk during this period, the

increase can mostly be attributed to the different weighting coefficients for hot versus co
environments. Nevertheless, the pre-cooled T b was lower than the thermoneutral condition
up to 25 min, and at all times compared to the pre-heated condition (P < 0.05). The average
Tb throughout exercise in the pre-cooled, thermoneutral and pre-heated condition was 37.1

± 0.4, 37.7 ± 0.1 and 38.1 ± 0.1°C, respectively (P < 0.05). At the end of exercise in the p

heated condition, T b remained 0.4 and 0.6°C respectively, above the thermoneutral and precooled condition (P < 0.05).

5.3.3.3 Heat transfer
The marked differences in T b during exercise had a profound effect on heat dissipation. As

conductive heat loss is proportional to the difference between the core and skin surface, h
loss during the first 20 min of exercise in the pre-cooled condition was greatly enhanced
through the larger Tes-Tsk gradient (Fig. 5.3A). During this period, the core to skin thermal
gradient was on average, 1.3 and 2.1°C above the thermoneutral and the pre-heated
condition, respectively (P < 0.05). However, conductive heat loss during the last 15 min of
exercise would not have been markedly different between conditions, given a similar Tes-Tsk

gradient for all conditions (P > 0.05; Fig. 5.3A). In contrast to conductive heat loss, body
heat storage would be encouraged by the reduced Tsk-Ta gradient noted throughout exercise
in the pre-cooled and thermoneutral condition (Fig. 5.3B). During 35 min of exercise in the
pre-heated condition, the average Tsk-Ta gradient was 2.2 and 1.7°C greater than the pre-
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Fig. 5.3 (A) The oesophageal to mean skin temperature thermal gradient. (B) The
mean skin to air temperature thermal gradient pre-immersion, and during exercise
for the pre-cooled (•), thermoneutral (o), and pre-heated condition (A). For all
conditions, " 0 " time averaged 7.7 min (SD 1.9) after the completion of water
immersion (P > 0.05). S h o w n are the mean values and standard errors ot the
means at 5-min intervals during immersion and exercise for n = 9, except for the
pre-heated condition at 30 min, where n = 8. Significantly different (P < 0.05) to
the tthermoneutral and ^pre-heated condition.
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cooled and the thermoneutral condition (P < 0.05). In line with this observation, heat storage
following pre-cooling (120 ± 11 W-m2) was greater than the thermoneutral (91 ± 11 W-m2;
P < 0.05) and the pre-heated condition (73 ± 4 W-m2; P < 0.05).

5.3.3.4 Sudomotor responses
Pre-treatment had a marked effect on the sudomotor responses during exercise. As sweating

was initiated during pre-treatment in the pre-heated condition, sweat onset and sensitivit
data during exercise is limited to the pre-cooled and thermoneutral conditions. Here, the
onset of sweating was delayed in the pre-cooled (10.4 min (SD 1.8) compared to the
thermoneutral condition (4.1 min (SD 1.3); P < 0.05) however, sweating was actuated at a

lower TK following pre-cooling (37.0 ± 0.2 versus 37.4±0.1°C; P < 0.05). In the pre-cooled

condition the Tes increased by 0.6°C before sweating was initiated, as opposed to a 0.2°C
increase in the thermoneutral condition. The Tes threshold for sweating in the pre-cooled
the thermoneutral condition occurred 10.4 (SD 1.9) and 4.1 min (SD 1.3) after the
commencement of exercise, respectively (P < 0.05). However, sweat sensitivity, determined

during the 90-s period after the onset of sweating, was not effected by pre-treatment (pre
cooled, 11.4 ±2.6 versus thermoneutral, 13.9 ± 1.4 mg-cm2-min"'; P> 0.05).

There was a progressive rise in m„ as Tb increased across conditions (Fig. 5.4). The m„
averaged over the 35 min of exercise in the pre-cooled, thermoneutral and pre-heated

condition were 5.6 ± 0.13, 6.1 ± 0.11 and 8.1 ± 0.03 mg-cm2-min"1, respectively (P < 0.05).

The change in body mass following exercise also increased progressively across conditions,

being 0.9 ± 0.2,1.2 ± 0.2 and 2.2 ± 0.3 kg, for the pre-cooled, thermoneutral, and pre-he

conditions, respectively (pre-cooled versus thermoneutral, P = 0.07; pre-heated versus pre
cooled and thermoneutral, P < 0.05).
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Fig. 5.4. The sweat rate during exercise in the heat for the pre-cooled (•),
thermoneutral (o), and the pre-heated condition (A). Shown are the mean values
at each 5-s interval for n = 9, except for the pre-heated condition at 35 min (n = 8).
Pre-cooled versus thermoneutral (P < 0.05); pre-heated versus thermoneutral (P <
0.05).

5.3.3.5 Blood haemoglobin, haematocrit and plasma volume change
The pre-immersion [Hb] in the pre-cooled, thermoneutral and pre-heated conditions were
not different being 15.1 ± 0.5, 15.1 ± 0.5 and 15.8 ± 0.5 g-dL'1 and 43.8 ± 0.8, 45.1 ± 1.1
and 42.2 ± 0.6%, respectively (P > 0.05). Whilst exercise and heat stress evoked arisein the
[Hb] and Hct in all conditions, these responses were not different between conditions (P >
0.05). Averaged from all the 10-min interval measurements during exercise, the [Hb] and
Hct for the pre-cooled, thermoneutral and pre-heated condition were 15.9 ± 0.4, 15.8 ± 0.4,
16.7 ± 0.5 g-dL"1 (P > 0.05) and 47.0 ± 0.9,45.2 ± 0.7,46.5 ± 0.8%, respectively (P > 0.05).

Despite all subjects undertaking a standardised hydration procedure prior to exercise, and
blood samples collected in a seated position, the percentage change in blood and plasma
volume varied considerably between individuals, most likely the result of the multifactorial
nature of plasma volume regulation (Harrison, 1986). Whilst pre-treatment and exercise
imposed on the blood and plasma volume in all conditions, these responses were not
significantly different between conditions (P > 0.05; Fig. 5.5). However, the effects of small
alterations in blood and plasma volume on circulatory dynamics during exercise in a hot
environment can be critical to performance. Thus, it is worth noting that the percentage
change in the blood and plasma volume after 30 min of exercise in the pre-cooled condition
was 32 and 4 0 % respectively, less than the pre-heated condition (P = 0.10),

pre-exercise

I

10 m i n

I

20 min

I

30 min

Exercise time (min)
Fig. 5.5. The percentage change in (A) blood and (B) plasma volume pre-exercise,
and at 10-min intervals during exercise in the heat for the pre-cooled (•),
thermoneutral (H) and the pre-heated condition (•). Pre-exercise averaged 7.7 min
(SD 1.9) after the completion of water immersion for all conditions (P > 0.05).
S h o w n are the mean values and standard errors of the means for n = 9, except for the
pre-heated condition at 30 min (n = 8),

5.4 DISCUSSION
To study the influence that body temperature has on thermoregulatory function during
exercise and heat stress, we employed whole-body water immersion in cool, thermoneutral
and hot water prior to 35 min of exercise in a hot, humid environment. Pre-cooling reduced
thermoregulatory strain during exercise in the heat, as evidenced by the lower Tes and Tm,
with opposite effects' following pre-heating. Furthermore, pre-cooling augmented

conductive heat loss, reducing m„ and the impact of exercise and hyperthermia on the
plasma volume. The lower fc observed during exercise in the heat in the pre-cooled

condition, combined with recent data in this laboratory showing that in these circumstances
stroke volume and cardiac output are also decreased (MacDonald et al, 1999), indicate that

cardiovascular strain is reduced following pre-cooling. In line with these findings, it can
speculated that the differences in endurance previously noted during exercise in the heat
following water-immersion conditioning (Booth et al, 1997; Gonzalez-Alonso et al, 1999;
Kay et al, 1999), might be associated with altered thermoregulatory and cardiovascular
function.

5.4.1 Body temperature during exercise and acute heat stress: effect of pre-treatment
Three distinct thermal states were evoked following water immersion pre-treatment
resulting in marked differences in tissue temperature between conditions during exercise

(Fig. 5.1). Whilst the effect of water immersion pre-treatment on Tc and Tsk during exercise
and acute heat stress has been detailed elsewhere (Kruk et al., 1990; Booth et al, 1997;
Gonzalez-Alonso et al. 1999; Kay et al, 1999), the influence on Tm in active human skeletal
muscle under similar conditions has not been investigated. In the landmark study of Saltin
al, (1968), T„ was also measured in human vastus lateralis using an indwelling catheter at

a depth of 3 cm from the skin surface during cycling at 68% V02Pak and Ta 30 C. In that
study, Tm increased rapidly at the onset of exercise to be about 0.6°C above the Te! after

min of cycling. A similar T m pattern was also observed following thermoneutral immersion
in the present study (Fig. 5.IB). However, this typical response was altered somewhat by
water immersion pre-treatment, with the end-exercise Tm in the pre-cooled and pre-heated
condition being only 0.1-0.2°C above T„. This can be attributed to the pre-cooled and the
pre-heated Tm converging towards the thermoneutral Tm throughout exercise, in contrast to
the progressive elevation in Tes across conditions (Fig. 5.1A.B). Indeed, had the exercise
duration been extended beyond 35 min it is likely that Tm, and also Tes, would have been
similar in all conditions, as recently reported following exhaustive exercise in the heat
preceded by pre-cooling or pre-heating (Gonzalez-Alonso et al, 1999). Despite greater
endurance following pre-cooling, exhaustion occurred at the same Tc and Tm noted in a preheated condition, hence it was concluded that fatigue was associated with high Tc and Tm
(Gonzalez-Alonso et al, 1999). However, with the similar Tm pattern evoked during

exercise in the thermoneutral and the pre-heated condition in the present study (Fig. 5.IB),
could be speculated that an elevated Tm might be coincidental with fatigue, rather than a
primary factor limiting exercise endurance in the heat.

In the pre-cooled condition, the Tea and Tm responses were similar, with a dramatic
reduction below baseline values during the early stages of exercise. Furthermore, precooling markedly lowered the Tes and Tm during exercise compared to the thermoneutral and
pre-heated conditions (Fig. 5.1A.B). Whilst the reduced thermal strain following water
immersion pre-cooling has been associated with the lower Tc (Veghte and Webb, 1961;
Booth et al, 1997; Kay et al, 1999), the present findings indicate that a reduced Tm could
also contribute substantially. However, despite a pre-exercise Tm that was approximately
3°C above the resting value following pre-heating, the rate of rise in Tm was attenuated
compared to the other conditions such that, Tm was similar to the thermoneutral condition
during the final 20 min of exercise (Fig. 5. IB). This finding was unexpected, and most

likely reflects the dependence of T „ on regional heat balance. A s the workload and

exercising V02 were similar between conditions, equivalent Tm responses for the

thermoneutral and the pre-heated condition can not be attributed to differences in metaboli
heat production. However, the exercise induced rise in Tcs was highest following preheating, which could have resulted in a substantially greater cutaneous blood flow compared
to the other conditions (Eichna et al, 1950; lohnson and Rowell, 1975; Wyndham et al,
1976; Nielsen et al, 1993). If muscle blood flow is not reduced in humans during exercise

and acute heat stress (Savard etal, 1988; Nielsen et al, 1990; see Section 3.1.2), than in th

pre-heated condition, the increased skin blood flow could have accelerated heat dissipation
from active muscle. Furthermore, heat loss from the superficial tissue might have also been
augmented by increased sweating and a more favorable skin to air thermal gradient (Fig.
5.3B), whilst heat storage was also least in the pre-heated condition.

5.4.2 Effect of pre-treatment on cardiovascular and thermoregulatory function
The progressive increase in/c as body temperature was elevated across conditions has been
previously noted during moderate exercise and hyperthermia, due to the increased
circulatory requirements imposed by skin and muscle blood flow in this circumstance (5060% V02Peak; Rowell et al, 1966; Rowell, 1986; Nielsen et al, 1990; Nielsen et al, 1993). It
would seem that in a pre-heated condition, the maintenance of adequate cardiac output,
blood pressure and organ perfusion, whilst maintaining sufficient blood flow to active
muscles and the skin for heat dissipation, would increase cardiovascular instability. This
notion is supported by the data of Nadel et al, (1980). During similar exercise and
environmental conditions to the present study (30 min of cycling at 55% V02ptak and 35°C),
a hypohydration equivalent to 2.2% body mass (decrease in plasma volume = 8%) reduced
stroke volume and forearm blood flow by 14 and 25% respectively, compared to exercise

and euhydration (Nadel et al, 1980). In this instance, despite the decline in stroke volume,
cardiac output was maintained by an increase fc. In the pre-heated condition a 2.8% change
in body mass was associated with a -13% change in plasma volume hence, it is also likely
that the increased fc was a compensatory mechanism to maintain cardiac output as stroke
volume declined.

Several physiological responses noted in the pre-cooled condition might be expected to
reduce the strain imposed by exercise and acute heat stress. Following pre-cooling, the
greater conductive heat loss, as evident by the larger core to skin thermal gradient (Fig

5.3A), was associated with a reduced msw, despite a lower threshold for the onset of

sweating. These data support previous studies reporting similar findings during exercise at
18° (Schmidt and Briick, 1982; Hessemer et al, 1984; Lee and Haymes, 1995). The present

findings also indicate that in a pre-cooled condition, the reduced msw might decrease the
impact exercise and acute heat stress has on the blood and plasma volume (Fig. 5.5).
Attenuating the loss of blood and plasma "Volume could contribute to an increase in

endurance by reducing the circulatory strain imposed by exercise and acute heat stress. This
could have assisted with the maintenance of more stable cardiovascular function in the precooled condition, as indicated by the lower fc. Moreover, the findings of several studies
indicate that attenuating the plasma volume loss by about 6% in the pre-cooled versus the
pre-heated trial, could be critical to exercise performance in a hot environment (Craig and
Cummings, 1966; Nielsen et al, 1993; Gonzalez-Alonso et al, 1999). It is worth noting that
an expanded plasma volume following exercise heat acclimation is regarded as a crucial
circulatory adaptation permitting greater cardiovascular stability and endurance (Wyndham
etal, 1976; Nielsen et al, 1993).

In part, the decrease in the sweating threshold following pre-cooling could result from the
greater rate of rise in skin temperature, which was about three and ten-fold respectively,
greater than the thermoneutral and pre-heated conditions during the early stages of exercise
(Fig. 5.1C). It is well known that cutaneous thermoreceptors respond to both the absolute
temperature (static), and the rate of temperature change (dynamic; Wurster et al, 1966;
Banerjee et al, 1969; Nadel et al, 1971; Wyss et al, 1975). Whilst a further contribution to
the decrease in the sweating threshold following pre-cooling might have also resulted from
the greater rate of rise in Tes, the dynamic properties of deep-body thermoreceptors are
unclear (Rawson and Hardy 1967; Downey et al, 1969; Downey, 1984). Previous studies
employing pre-cooling manoeuvres utilising double cold exposures have shown that the
shivering threshold is reduced during the second cold exposure (Schmidt and Briick, 1981;

Briick and Olschewski, 1987). In line with this observation, it could be speculated that cold
exposure results in a short-term adaptation where the thresholds for heat dissipation are
reduced, hence leading to an earlier onset of sweating.

In the pre-cooled condition, the decreased thermal strain would be expected to reduce the
demand for cutaneous blood flow thus, increasing central blood volume and cardiac filling,
with a conpensatory decrease in fc. Indeed, the finding that decrements in stroke volume,
venous pressure and blood volume following whole-body pre-heating are reversed by
whole-body pre-heating, support this idea (Rowell et al, 1969). Whilst there are limited
data as to the effects of whole-body pre-cooling on circulatory function during exercise,
during exercise at 18°C in a pre-cooled condition forearm blood flow, stroke volume and/c,
all decreased (Olschewski and Briick, 1988). Moreover, in a recent investigation we have
observed reduced circulatory strain during similar exercise conditions to the present study

(60% V02pe,k at 35°C) following water immersion pre-cooling at moderate T» (MacDonald
et al, 1999). A principle finding was the marked reduction in skin forearm blood flow for

pre-cooled compared to a non pre-cooled condition (Fig.5.6A). Typically, this might be
expected to augment central blood volume, stroke volume, and cardiac output, yet stroke
volume and cardiac output were lower during exercise in the heat following pre-cooling
compared to the non-pre-cooled condition (Appendix B). This apparent disparity may be
accounted for if whole-body pre-cooling allowed for a better maintenance of mean arterial

pressure, thereby lessening the need to either elevate cardiac output, or to recmit blood from
splanchnic and renal reservoirs to defend blood pressure.

5.4.3 Summary
In summary, we observed pronounced thermoregulatory and cardiovascular adjustments to
pre-cooling and pre-heating during exercise in the heat. In a pre-cooled condition, the
marked reductions in the Tc, and Tm during exercise in the heat imposed less strain on

several physiological systems, evident by the reduced msw, greater conductive heat loss, and
a more stable plasma and blood volume compared to exercise at higher Tes and Tm. It is

interesting to note that these responses are similar to those of the acclimated individual, th
combined effect of which could be to reduce the circulatory strain imposed by exercise and
acute heat stress, as indicated by the lower fc. The recent findings from this laboratory of
reduced peripheral blood flow, stroke volume and cardiac output during exercise and acute
heat stress following pre-cooling, support the notion that circulatory strain is reduced.
Moreover, the increased cardiovascular stability noted in a pre-cooled condition could be a
primary mechanism for the increased endurance previously noted during exercise in the

heat. In contrast, it is likely that following pre-heating, the higher/c was associated with an
increased perfusion of the cutaneous and muscular vasculature, in the presence of a
declining central blood volume and cardiac output. In this instance, cardiovascular
instability would impose a considerable challenge to endurance during exercise in the heat.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR FIITtTRF
RESEARCH
The exercise-induced rise in core temperature evokes a cascade of physiological events, which
combined, could limit exercise endurance. In support of this, when therisein core temperature
is attenuated by whole-body pre-cooling during exercise in a moderate environment, endurance
is increased. Whilst performance is further limited w h e n exercise is conducted in a hot
environment, prior to this investigation, no attempt had been m a d e to assess the influence of
whole-body pre-cooling on exercise endurance in these conditions. In addition, the effect of a
pre-manipulation of body temperature on several physiological variables, that could influence
endurance during exercise and heat stress, had not been investigated. Hence, the purpose of this
investigation was to assess the influence of whole-body water immersion in cool, thermoneutral
and hot water on exercise in a hot, humid environment.

In the first study a novel method of whole-body pre-cooling involving water immersion at
moderate temperatures w a s described. In contrast to previous pre-cooling manoeuvres
employing sudden and prolonged cold exposure, this method involved up to 60 min of water
immersion, during which water temperature w a s reduced from 29-24°C, with pre-cooling
discontinued if strong-continuous shivering persisted. This method of pre-cooling did not evoke
cold-stress responses or impose on the muscle substrate stores to an extent, which could impair
ensuing exercise performance. In contrast to previous pre-cooling manoeuvres, which utilised
re-warming to attenuate the cold-stress responses prior to exercise, pre-cooling was continuous
and exercise c o m m e n c e d within three minutes after its completion.

The second study focused the effects of whole-body water immersion pre-cooling on exercise
endurance in the heat. The principle observation was that pre-cooling increased the distance run
during a 30-min time trial in a hot, humid environment. Moreover, the findings also indicated
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that the physiological stain imposed by exercise and acute heat stress was reduced following
pre-cooling, whilst psychophysical status improved. Accordingly, despite the increased
distance ran in the pre-cooled versus the non pre-cooled condition, body temperature and
cardiac frequency where reduced and thermal comfort increased, with no difference in whole-

body sweating and oxygen consumption. In line with these observations, it was speculated tha
during exercise in the heat in a pre-cooled condition, the increased endurance might be
associated with reduced thermoregulaltory and cardiovascular strain.

However, the possibility that water immersion pre-treatment evokes changes in muscle
metabolism during exercise in the heat, which might also influence endurance, had not been
investigated. Hence, the third study examined the effect that water immersion in cool,

thermoneutral and hot water, had on metabolism in active muscle during exercise in the heat.
The principle finding was that despite marked differences in core and muscle temperature
during exercise in the heat, a similar pattern of muscle metabolism was observed. Whilst
muscle glycogen utilisation and plasma ammonia accumulation were increased during exercise

at higher core and muscle temperatures, there is little data to indicate that these respons

endurance during exercise and acute heat stress. It was concluded therefore, that whole-body

pre-cooling or pre-heating did not alter muscle metabolism to an extent, which could influen
endurance during exercise in the heat.

A more distinct possibility is that following whole-body pre-cooling and pre-heating the
thermoregulatory adjustments, as opposed to altered muscle metabolism, might exert a much

greater influence on endurance during exercise in the heat. In the fourth study, the thermal
impact that a pre-manipulation of body temperature had on exercise in the heat was

investigated. In this instance the marked reduction in physiological strain noted during ex

in a pre-cooled condition was reversed following pre-heating. In a pre-heated condition, heat
loss was impaired,-whilst the sweating rate and plasma volume loss tended to increase. Such
responses might be expected to markedly increase the circulatory strain imposed by the
maintenance of muscle and peripheral blood flow during exercise and hyperthermia. Support
for this notion was the progressive rise in cardiac frequency during exercise as body
temperature was increased across the pre-cooled, thermoneutral and pre-heated conditions.
Furthermore, w e have recently shown that following whole-body pre-cooling, the attenuated
rise in deep and superficial tissue during exercise in the heat, was associated with a reduction in
circulatory strain, as indicated by a decrease in stroke volume, cardiac output and forearm
blood flow.

6.1 CONCLUSIONS
From these findings the following conclusions can be drawn. First, water immersion pre-

cooling at moderate temperatures permitted exercise, at an intensity of 60-87% Vo2peak

optimally performed within three minutes of its completion and without the use of r
periods. In addition, the reduction in body temperature following whole-body water immersion
pre-cooling was effective for increasing exercise endurance in a hot, humid environment, with
a decrease in the physiological strain imposed by exercise and acute heat stress and improved
psychophysical status. The present data further indicate that following whole-body cool and hot
water immersion, the marked differences in core and muscle temperature during exercise in the
heat did not alter muscle metabolism to an extent, that could influence endurance. However,
following water immersion pre-treatment, the marked thermoregulatory and cardiovascular
adjustments could influence exercise performance. Accordingly, when the exercise-induced

rise in tissue temperature is attenuated during exercise in a hot, humid environmen

reduced

thermoregulatory

and

cardiovascular

strain, in conjunction

with

improved

psychophysical status, could help account for the increase in endurance in these conditions.

6.2 FUTURE RESEARCH

The findings indicate that whole-body pre-cooling increased exercise endurance in a hot, hum
environment, yet exercise duration and intensity did not exceed 35 min and 87% V0

eak,

respectively. Whether whole-body pre-cooling can increase exercise endurance in heat during

exhaustive exercise at similar, or higher intensities, has yet to be confirmed. Whilst we ha
addressed the role that a combined decrease in deep and superficial tissue has on endurance
hot environment, the possibility that changes in superficial tissue alone, could influence
exercise performance in a hot environment, requires further investigation.

The present findings indicate that during exercise and hyperthermia, thermoregulatory and
cardiovascular strain could be primary mechanisms limiting endurance. This notion requires
confirmation during exhaustive exercise, where the core and muscle temperatures exceed 3940°C Succinct data regarding the relationship between body temperature, physiological
function and performance, might be obtained by discouraging the convergence of body
temperature between a pre-cooled and non pre-cooled condition, which we observed after 25-

30 min of exercise. This might be possible by utilising 10-15 min bouts of exercise repeated

exhaustion but separated by 10 min of cooling or heating. This protocol would also provide t

opportunity to assess the effect of body temperature on several other physiological variable

which might also influence endurance. At the muscle, the effect that blunting the rise in mu

temperature has on muscle contractile function during exercise and heat stress, has yet to b
assessed. Furthermore, the effect of exercise hyperthermia on several cellular processes,
including mitochondrial and sarcoplasmic reticulum function, and heat shock protein
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formation, also requires investigation. T h e finding that pre-cooling attenuated the increase in
plasma ammonia during exercise in the heat requires confirmation, given that a rise in the
plasma ammonia concentration has been implicated in the fatigue process. It would also be
beneficial to know if the change in plasma ammonia accumulation, following water immersion
conditioning, is associated with alterations to muscle ammonia accumulation.

To date, pre-cooling studies have focused on the effect that a reduction in thermoregulatory
strain has on exercise endurance. However, thermoregulatory strain is a common occurrence in
many industrial and military settings, where optimal performance is dependent not only on

endurance, but also on other variables, such as cognitive function and dexterity. The ultimate
challenge to the researcher will be to develop appropriate cooling strategies, and to assess
effect on the variables that determine performance in these settings.

Appendix A
Dietary instructions for the day preceding each trial. Subjects were asked to record their diet
and follow this for subsequent trials.
Food
Weet-Bix
Milk, skim fluid
Bread, white, regular
Yogurt, low fat fruit
Pasta, white, boiled
Jam, unspecified
Potato, new peeled, boiled
Rice, sungold boiled
Sports beverage (Gatorade)
Banana
Apple, delicious raw
Muslei bar, fruit

Amount
10
4 cups
9 slices
200 g container
1 cup
spread on bread
3
1 cup
3 * 500 m L
2
2
1

Nutrients (Mean all days)
B-CaroteneEq:275:88ug
Total A Eq: 47.23 ug
Vitamin C: 93.48 m g
Thiamin: 3.32 m g
Riboflavin: 5.36 m g
Niacin: 33.48 m g
Niacin Eq: 55.63 m g
Sodium: 33.19.53 m g
Pottassium: 5302.98 m g
Magnesium: 5302.98 m g
Calcium: 1953.04 m g
Phosphorous: 2410.34 m g
Iron: 21.59
Zinc: 11.64 m g

Weight: 4236.00 g
Energy: 2860 kcal
Protein: 108.41 g
Total fat: 17.67 g
Carbohydrate: 637.16 g
Alcohol: 0.00 g
Dietaryfibre:43.01 g
Total sugars: 298.83 g
Starch: 337.83 g
Water: 2.0 L
Cholesterol 37.08 m g
Sat. Fat: 5.53 g
Mono. Fat: 3.66 g
Poly. Fat: 4.71 g
Retinol: O.OOug
Energy Ratios (Mean all days):
Protein: 1 5 % Fat: 5 %
Carbohydrate:8 0 %
Fat Ratios (Mean all days)
Poly: 3 4 %
Mono: 2 6 %

Saturated: 4 0 %

Alcohol: 0 %

